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We review the status of searches for sterile neutrinos in the ∼ 1 eV range, with an emphasis on
the latest results from short baseline oscillation experiments and how they fit within sterile neutrino
oscillation models. We present global fit results to a three-active-flavor plus one-sterile-flavor model
(3+1), where we find an improvement of ∆χ2 = 35 for 3 additional parameters compared to a model
with no sterile neutrino. This is a 5σ improvement, indicating that an effect that is like that of a
sterile neutrino is highly preferred by the data. However we note that separate fits to the appearance
and disappearance oscillation data sets within a 3+1 model do not show the expected overlapping
allowed regions in parameter space. This “tension” leads us to explore two options: 3+2, where a
second additional mass state is introduced, and a 3+1+decay model, where the ν4 state can decay to
invisible particles. The 3+1+decay model, which is also motivated by improving compatibility with
cosmological observations, yields the larger improvement, with a ∆χ2 = 8 for 1 additional parameter
beyond the 3+1 model, which is a 2.6σ improvement. Moreover the tension between appearance
and disappearance experiments is reduced compared to 3+1, although disagreement remains. In
these studies, we use a frequentist approach and also a Bayesean method of finding credible regions.
With respect to this tension, we review possible problems with the global fitting method. We note
multiple issues, including problems with reproducing the experimental results, especially in the case
of experiments that do not provide adequate data releases. We discuss an unexpected 5 MeV excess,
observed in the reactor flux energy spectrum, that may be affecting the oscillation interpretation
of the short baseline reactor data. We emphasize the care that must be taken in mapping to the
true neutrino energy in the case of oscillation experiments that are subject to multiple interaction
modes and nuclear effects. We point to problems with the “Parameter-Goodness-of-Fit test” that
is used to quantify the tension. Lastly, we point out that analyses presenting limits often receive
less scrutiny that signals.
While we provide a snapshot of the status of sterile neutrino searches today and global fits to their
interpretation, we emphasize that this is a fast-moving field. We briefly review experiments that
are expected to report new data in the immediate future. Lastly, we consider the 5-year horizon,
where we propose that decay-at-rest neutrino sources are the best method of finally resolving the
confusing situation.
PACS numbers: 14.60.Pq,14.60.St
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I. INTRODUCTION
From the beginning, neutrino physics has been pro-
pelled forward by pursuit of anomalies. Of these, some
eventually developed into decisive signals, laying the
ground work for today’s “neutrino Standard Model”
(νSM). Others were disproven, and forced us to improve
our understanding of neutrino models, sources, and de-
tectors in the process. In keeping with this cycle, anoma-
lies have been observed in short-baseline (SBL) oscil-
lation experiments since the 1990’s. These potentially
point to the existence of a new kind of neutrino, called
a sterile neutrino, although other experiments have sub-
stantially limited exotic neutrino interpretations. Resolv-
ing the question of whether these results point to new
physics is a priority of our field. However, in the past
year alone, the confusion has only mounted.
In this review, we consider the present status of the
short baseline anomalies and their interpretations. We
explain the motivation for, and phenomenology of, ster-
ile neutrinos. We provide updated global fits to relevant
data sets in the simplest single sterile neutrino model
along with discussions of their frequentist and Bayesian
interpretations. Since the global fits point to data dis-
crepancies with this simple model, we also consider more
complex explanations. Finally, we discuss how future
measurements could impact our understanding.
II. THE ROAD TO OSCILLATIONS IS PAVED
WITH INTERESTING ANOMALIES
For the sake of this discussion, we will define an
“anomalous signal” as a 2σ effect with no clear Stan-
dard Model (SM) explanation. We freely admit that this
is an arbitrary line that reflects the personal taste of the
authors on the point where a signal reaches a signifi-
cance making it worthy of further exploration. Using
this definition, several anomalies appear in short base-
line νµ → νe appearance and νe → νe disappearance
oscillation experiments.
However, before leaping in to these relatively recent
anomalies, it is useful to consider the past history of neu-
trino physics. Let us begin this story thirty years ago, as
the development of the three-neutrino oscillation model
provides a valuable context for the four-or-more neutrino
questions we are asking today.
A. The State of Oscillation Physics in the 1990’s
Looking back to the 1990’s, we were in situation re-
garding three-neutrino oscillations that was remarkably
3similar to where we are today with the sterile neutrino
question.
1. Anomalous Signals Existed
In the mid-to-late 1990’s, there were two classes of
neutrino anomalies. The first set belonged to solar neu-
trino experiments. Deficits of νe interactions were ob-
served – compared to prediction – in the SAGE [1]
and Gallex [2] experiments, with a threshold of 0.23
MeV; the Homestake experiment [3], with a threshold of
0.8 MeV; and the Kamioka [4] and early-Super-K data
sets [5], with a threshold of 7 MeV. The second set
belonged to experiments that used neutrinos produced
in the atmosphere. To minimize the systematic uncer-
tainties, these experiments looked at the ratio-of-ratios:
(νµ/νe)data/(νµ/νe)prediction. Anomalies in these ratio-
of-ratios were observed in the Kamioka sub-GeV [6] and
multi-GeV [7] data sets, and in the IMB sub-GeV data
set [8]. Both the solar and atmospheric observations
sparked the consideration of neutrino oscillation models.
2. Limits Contradicted Some of the Anomalies
The situation was particularly confusing in the atmo-
spheric sector, as the Frejus [9] and NUSEX [10] experi-
ments released data-to-simulation results for the ratio-of-
ratios that were consistent with unity—directly contra-
dicting the anomalous signals. The IMB multi-GeV sam-
ple also agreed with unity [11], although the uncertainties
were large enough to be additionally consistent with the
measured atmospheric anomalies. The existence of these
limits caused many to question whether the atmospheric
anomaly, in particular, was a new-physics effect, or was
just due to an unidentified systematic uncertainty asso-
ciated with water-based Cherenkov detectors.
3. In Retrospect, Unidentified Systematic Uncertainties
Were Leading to Discrepancies
In 1998, Super-K published the first very-high-
statistics atmospheric result [12]. If interpreted within an
oscillation scenario, this indicated a mass splitting, ∆m2,
that was a factor of about five times below the one im-
plied by the Kamiokande atmospheric result. All atmo-
spheric experiments that have followed have found results
consistent with Super-K. This indicates that Kamiokande
had a source of systematic uncertainty associated with
their measurements or analysis that was never identi-
fied. This should not be surprising—when we discover
anomalies, it is almost always at the edge of a detector’s
capability. Thus, it is likely that a true signal will end
up marginally distorted by unknown issues with event
reconstruction or backgrounds. This makes the initial
interpretation of anomalies difficult.
4. Theoretical Models Needed to be Expanded
The solar neutrino data set was particularly confusing
because the data did not fit well to a vacuum oscillation
solution [13, 14]. A new explanation was required, which
took the form of the MSW hypothesis [15, 16]. This ex-
planation noted that the νe flux produced by the Sun has
traveled through a highly dense environment of electrons
that produces a weak-force potential. When this poten-
tial is added to the Hamiltonian for vacuum oscillations,
the oscillatory behavior is destroyed. The neutrino flavor
change then occurs either through a resonance, leading
to a small mixing angle solution, or to an adiabatic tran-
sition, leading to a large mixing angle solution. Surpris-
ingly, in either case the neutrinos exit the Sun as a pure
mass eigenstate, and so do not oscillate as they travel
to the Earth. The MSW solutions implied a mass split-
ting of ∼ 10−5 eV2, which was five orders of magnitude
above the vacuum oscillation solution. If we had not
thought broadly about the source of the solar neutrino
anomalies and how matter could effect flavor change –
which led to the development of the MSW solution – we
probably would have never proposed the KamLAND ex-
periment [17], and would remain greatly confused about
the three-neutrino oscillation physics today!
An important point here is that anomalies should not
necessarily be attributed to physics beyond the SM, but
rather one should consider previously neglected SM ef-
fects.
5. The Theoretical Bias Was Against an Oscillation
Explanation
By the mid-1990’s, it was clear that if neutrinos were
to have masses, they would be many orders of magnitude
smaller than the masses of the charged particles. Small-
but-non-zero mass was not regarded as particularly ap-
pealing then, nor is it appealing today. Although most
physicists were skeptical of massive neutrinos on theoret-
ical grounds, many would consider them if their masses
were of order 10 eV to 100 eV because they could explain
dark matter [18]. Among the smaller set of theorists who
accepted neutrino masses well below 10 eV, there was
a strong prejudice that the “correct answer” had to be
the small mixing angle MSW solution. This was based
on an analogy to the quark sector where the mixing an-
gles are also small. This scenario is a nice illustration of
how nature’s taste may not match our taste in “beautiful
theories.”
6. The Resolution of the Anomalies
The resolution to the debate arose from truly adven-
turous thinking in detector technology. Today, we simply
accept that detectors like SNO [19] and Super-K [20] can
4be constructed. Yet these were extraordinary achieve-
ments and represented massive steps forward in sensitiv-
ity. These giant leaps in detector technology were essen-
tial to our understanding. If we had continued to just
make incremental steps in sensitivity, the confusion sur-
rounding the three-neutrino anomalies would have con-
tinued for decades.
Instead, we have now developed a consistent, highly
predictive picture that we call the “νSM.” This incorpo-
rates neutrino mass and mixing into the phenomenologi-
cal picture of the Standard Model, without any reference
to the underlying theory of the source of mass and mix-
ing, which is still not understood.
III. TWO, THREE, FOUR, AND MORE
The resolution of the anomalies described above came
about from introducing neutrino mass and mixing into
the picture, which leads directly to an effect called vac-
uum neutrino oscillations. Before considering the νSM,
which involves three neutrino flavors, it is instructive to
introduce the phenomenology of neutrino oscillations in
a two-neutrino picture. This picture will also be useful
as we consider the new set of anomalies that lead to the
potential introduction of sterile neutrinos as additional
flavors.
A. Two Neutrino Oscillations
Neutrino mass eigenstates need not correspond to pure
neutrino flavor eigenstates, but, instead, may be rotated
to form a linear combination. In a two neutrino picture,
if we call να and νβ the flavor eigenstates and ν1 and ν2
the mass eigenstates, then they are related by(
να
νβ
)
=
(
cos θ sin θ
− sin θ cos θ
)(
ν1
ν2
)
. (1)
If this is the physical case, then a neutrino born as να
can transform to νβ as it propagates. In a vacuum, or
within material of minimal density, the probability that
this occurs is given by the vacuum neutrino oscillation
formula:
Pνα→νβ = sin
2 2θ sin2
(
1.27 ∆m2ij
(
eV2
) L(m)
E(MeV)
)
,
(2)
where the θ is the mixing angle and ∆m2ij = m
2
i − m2j
for the two mass eigenstates. The value of L/E for an
experimental setup sets the scale of the ∆m2 sensitivity
with the first oscillation maximum at a distance of
LMax (m) =
pi
2
1
1.27
E (MeV)
∆m2
(
eV2
) . (3)
There are two experimental methods for searching for
indications of neutrino oscillations, the “disappearance”
method and the “appearance” method. In a disappear-
ance search, one looks for a change in event rate of a
given type of neutrino over distance and energy. The
power of this method is most impacted by the knowl-
edge of the neutrino flux and interaction cross sections.
The appearance method involves looking for neutrinos of
type νβ not present in an initially nearly-pure beam of
να. The sensitivity for an appearance search is depen-
dent on knowing the initial (“intrinisic”) contamination
of νβ in the beam before oscillations and knowing the
backgrounds associated with the primary neutrinos that
mimic a νβ event.
The oscillation sensitivity limit for disappearance, at
any ∆m2 and sin2 2θ, is related to the experimental error
by
Pdis = sin
2 2θ sin2
(
1.27 ∆m2
L
E
)
< C
δNα
Nα
, (4)
where Pdis is the disappearance probability, which is re-
lated to the survival probability by 1 − Pdis. In Eq. 4,
Nα is the number of observed events of the given flavor
α, δNα is the combined systematic and statistical error
on measuring the α flavor events, and C is a factor that
depends on the confidence level of the limit. For a 90%
C.L. limit that is set using a single-sided normal distri-
bution, C = 1.28. At high ∆m2 compared to L/E, the
sin2
(
1.27 ∆m2 LE
)
factor averages to 0.5 due to the ex-
perimental resolution on E and L and the limit becomes
sin2 2θ < 2C
δNα
Nα
. (5)
Thus, one can use the high ∆m2 limit to determine the
fractional error that an experiment is claiming. For ex-
ample, in Fig. 1, the large ∆m2 limit is sin2 2θ < 0.031
at 90% C.L., which corresponds to δNα/Nα = 1.2%.
Many disappearance experiments use the shape of the
observed energy spectrum at a single or multiple L dis-
tances to look for indications of oscillations by observ-
ing a change with L and E. This can help remove the
dependence on knowing the overall neutrino flux normal-
ization but this method becomes insensitive at high ∆m2
where the rapid oscillations are not observable due to de-
tector energy and position resolution and the limit goes
to sin2 2θ = 1. Using measurements at several different
L-values can also eliminate the uncertainty in knowing
the shape and normalization of the neutrino energy spec-
trum. For example, comparing the rates in a near and
far detector can be used in an oscillation search if the rel-
ative systematic uncertainties can be kept small. On the
other hand, for a two-detector comparison measurement
at high ∆m2, the sensitivity degrades markedly since the
rapid oscillations removes any spectral difference in the
two detectors. Thus, for multi-detector measurements,
the high ∆m2 limit becomes the same as a single de-
tector disappearance measurement where the sensitivity
is determined by the combined systematic and statistical
error on measuring the α flavor events, δNα, as described
5in Eq. 5. Also, for a shape-only, single-detector measure-
ment, the rapid oscillation at high ∆m2 effectively re-
moves any oscillation sensitivity as shown in Fig. 1 for
the “Disappearance B” curve but some ∆m2 sensitivity
can be recovered treating the measurement as a counting
experiment as described in Eq. 5.
Fig. 1 illustrates this in showing separately the two
types of disappearance measurements, typically referred
to as counting experiments (Disappearance A) and shape
experiments (Disappearance B). Of course, experiments
usually perform both types of analyses and combine the
results to maximize coverage of their oscillation search.
In order to achieve this, the correlated systematic uncer-
tainties must be included in the shape plus normalization
analysis, which typically leads to reduced sensitivity as
outlined above.
For appearance,
Papp = sin
2 2θ sin2
(
1.27 ∆m2
L
E
)
< C
δNβ
Nfull osc
(6)
where C is, again, related to the confidence level; δNβ
is the statistical and systematic error on the appearance
signal, and Nfull osc is the number of events one would
have if all neutrinos of the original flavor, α, converted
to flavor β.
The two neutrino vacuum oscillation formula has sev-
eral specific features that are helpful to consider when de-
signing an experiment or interpreting an oscillation plot.
For an appearance measurement, the sensitivity of an
experiment is set by the number of “right-flavor” events
and the uncertainty in background rates. At low ∆m2,
the sensitivity boundary curve is given by:
∆m2 ≈
√〈P 〉
1.27 sin 2θ〈L/E〉 , (7)
where 〈P 〉 is the average probability. The limit of an
experiment’s sensitivity to ∆m2 at sin2 2θ = 1 is then
given by:
∆m2min =
√
〈P 〉/(1.27〈L/E〉). (8)
From this one sees that it is difficult to increase sensi-
tivity to low ∆m2 through extended running, since the
improvement due to statistical error will go as the fourth-
root of N . To go down in ∆m2 reach, one therefore needs
to adjust the L and E in the design to access lower val-
ues. On a log-log plot, the sensitivity to low sin2 2θ will
increase with ∆m2 with a slope of −1/2. The maximum
sensitivity to sin2 2θ is reached at the ∆m2, L and E that
satisfy
1.27∆m2L/E = pi/2, (9)
which is often approximated in general discussions about
design as L/E ∼ 1/∆m2.
In this region, the oscillation limit depends on the devi-
ation of the energy or L/E dependence of an experiment
 
Δm2 ≈
P
1.27 sin2 2θ L / E
FIG. 1: Neutrino oscillation parameter ranges excluded
by toy appearance or disappearance experiments. For
the appearance solid curve, the average probability of
appearance is assumed to be 〈P 〉 = 0.5%. For
disappearance, the regions are set by the measured limit
on the allowed disappearance probability Pdis. At high
∆m2 for disappearance, the sin2 2θ limit is either set by
the normalization uncertainty associated with
knowledge of the beam flux and neutrino cross section
(Disappearance type A = dotted curve) or for a two
detector or L/E shape experiment goes to sin2 2θ = 1
(Disappearance type B - dashed curve). (For this plot,
the average 〈L/E〉 = 1 km/GeV and the L/E values are
assumed to be normally distributed with a σ of 20%.)
Plot from 1996 PDG [21].
from the expectation. Variations in sin2 2θ sensitivity
will be seen just above the maximum sensitivity due to
points where stochastic and systematic fluctuations of
the data points match the oscillation prediction. At high
∆m2, the sin2(1.27∆m2L/E) term will oscillate rapidly
and average to 1/2, and the experiment loses sensitivity
to this parameter. The sensitivity curve plot of ∆m2 vs.
sin2 2θ will then extend straight up with a line that is
equal to sin2 2θhigh ∆m2 = 2〈P 〉.
B. Oscillations and the νSM
In the νSM we expand the formalism to three neutrino
mass eigenstates that are not aligned with three neutrino
flavor eigenstates. The unitary matrix relating these two
bases is parameterized by the PMNS (Pontecorvo-Maki-
6νe νµ ντ
ν1
ν2
ν3
∆m221
∆m232
νe νµ ντ νs
ν1
ν2
ν3
ν4
∆m221
∆m232
∆m243
FIG. 2: Illustration of normal neutrino mass ordering
and mixing for the three (left) and four (right) neutrino
picture. Note that in the four neutrino picture,
∆m241 = ∆m
2
21 + ∆m
2
32 + ∆m
2
43.
Parameter Value
∆m221 × 10−5eV2 7.39± 0.21
∆m231 × 10−3eV2 ±2.525± 0.033
sin2 θ12 0.310± 0.013
sin2 θ23 0.580± 0.021
sin2 θ13 0.02241± 0.00065
TABLE I: Present values and uncertainties for
oscillation parameters determined from global fits to all
data for normal hierarchy [22].
Nakagawa-Sakata) matrix:νeνµ
ντ
=
 cos θ12 sin θ12 0− sin θ12 cos θ12 0
0 0 1

 cos θ13 0 e−iδCP sin θ130 1 0
−e−iδCP sin θ13 0 cos θ13

1 0 00 cos θ23 sin θ23
0 − sin θ23 cos θ23
ν1ν2
ν3
 .
(10)
The three mixing angles in this matrix are probed by
different types of experiments. Here, θ12 is referred to
as the solar mixing angle, θ23 as the atmospheric mixing
angle, and θ13 sets the νe disappearance oscillations at re-
actors and νe appearance for accelerator neutrino beams.
The δCP parameter in the matrix is the complex phase
associated with CP violation for neutrino oscillations.
With three generations, there are two independent mass-
squared differences associated with the mass eigenstates.
These are denoted by ∆m221 = ∆m
2
Solar = m
2
2 − m21,
and ∆m231 = ∆m
2
Atmospheric = m
2
3 − m21. The result-
ing formulae for oscillations between the flavors are more
complicated, and can be found in Ref. [22] — they are
not reproduced here.
Experiments have been performed using a wide range
of neutrino sources including solar neutrinos (∼1 to
10 MeV), atmospheric neutrinos (∼0.5 to 20 GeV), re-
actor neutrinos (∼2 to 8 MeV), and accelerator neutrino
beams with a wide range of energies from 20 MeV up to
200 GeV. The backgrounds to the experiments are en-
ergy dependent and typically come from natural radioac-
tivity in low energy experiments and from cosmic ray
muon backgrounds at higher energy. Accelerator neutri-
nos have the added benefit in that they can use the beam
timing to reduce non-beam related backgrounds.
Since the difference between the ∆m2 values for the
solar and atmospheric eigenstates is so large, a simple
analysis of many of the experimental measurements can
be performed assuming only two neutrino mixing, as dis-
cussed in the previous section. Applying Eq. 2 – for re-
actor neutrinos of energy ∼ 3 MeV – the first oscilla-
tion maximum associated with the ∆m2Solar mass split-
ting would be at L = 39 km. For accelerator neutri-
nos of ∼ 1 GeV, the distance for ∆m2Atmospheric would
be L = 420 km. However, to obtain the most accurate
values of the parameters, the full three neutrino mixing
formalism must be applied. Except for δCP , all of the os-
cillation parameters have been determined [22] through
a combination of measurements with the values and un-
certainties listed in Table I.
Fig. 2 (left) illustrates the νSM. Each bar represents
a mass state. In this case we show “normal ordering”
with ∆m231 > 0, as opposed to “inverted ordering” with
∆m231 < 0. The colors within the bar represent the flavor
composition of each mass eigenstate.
Three outstanding questions remain within the νSM.
The first is the mass ordering—normal versus inverted.
The accumulated data favor normal ordering from 2 to
4σ [22], depending on the data sets used in the determi-
nation. The second is whether a non-zero CP -violating
parameter, δCP , appears in the mixing matrix. Global
fits indicate that δCP is non-zero, and is large, at greater
than 2σ [22]. The final question is whether the θ23 mix-
ing angle lies above or below 45°, the answer of which
may hold theoretical implications for neutrino masses.
As seen in Table I, the present preferred value is 49.6°,
but within 3σ, both octants are allowed and the question
remains open. Overall, though, we are rapidly closing
in on a fully consistent three-neutrino picture that fits a
large fraction of the data from neutrino oscillation exper-
iments.
C. Deviations from the νSM Picture
While most data fits well within the νSM, there is a set
of data from short baseline experiments that does not fit
well. These experiments can be fit within two neutrino
oscillation models with ∆m2 ∼ 1 eV2–much larger than
the solar and atmospheric splitting. In a global picture,
this is equivalent to adding a third independent mass
splitting.
7νµ → νe νµ → νµ νe → νe
Neutrino
MiniBooNE (BNB) ∗ SciBooNE/MiniBooNE KARMEN/LSND Cross Section
MiniBooNE(NuMI) CCFR Gallium ∗
NOMAD CDHS
MINOS
Antineutrino
LSND ∗ SciBooNE/MiniBooNE Bugey
KARMEN CCFR NEOS
MiniBooNE (BNB) ∗ MINOS DANSS ∗
PROSPECT
TABLE II: The collection of experiments implemented into our global fit analysis, sorted by oscillation types. This
noted with a ∗ have > 2σ signals, and hence exhibit “anomalies”. We describe these experiments and provide
references in Sec. IV D.
Defining a > 2σ signal as an anomaly, effects are seen
in νµ → νe accelerator-based oscillation experiments, a
set of reactor ν¯e disappearance experiments, and source-
based experiments that are consistent with νe disappear-
ance. There is also a large set of data that do not indi-
cate signals at the 2σ level. These limit the parameter
space of a neutrino oscillation model that seeks to in-
corporate the anomalies listed above. Note that in some
cases, the experiments with no anomalous signal do have
effects at a lower confidence level. Within a global fit
to the data, these effects can conspire with the anoma-
lies to enhance signal regions when those region align,
and suppress them when they do not. It is particularly
striking that no anomaly has been seen in a νµ disap-
pearance experiment. This oscillation mode shows only
limits, complicating the interpretation of the fit.
The experiments that we will use in the global fits re-
ported here are listed in Table II. We explain our choices
and describe these experiments in Sec. IV D. The star (∗)
indicates experiments with an anomalous signal. We note
that the measured reactor flux is in disagreement with
the first-principles prediction, an effect called the Reac-
tor Antineutrino Anomaly (RAA) [23]. However, because
of issues with the reactor flux prediction discussed later
in this paper, we only employ reactor results that involve
ratios of measurements. We also note that several very
recent experimental results are not included in this gen-
eration of our global fits, but will be incorporated in the
future, as discussed in Sec. IX.
D. 3+1: The Simplest Model Involving Sterile
Neutrinos
The most economical method of adding a third inde-
pendent mass splitting is to introduce a single sterile neu-
trino into the model. Fig. 2 (right) illustrates this idea.
The neutrino is assumed to be sterile to avoid clashing
with the number of active neutrinos measured by the
LEP experiment [24, 25]. The sterile neutrino flavor is
mixed within the four mass states. However, three of
the mass states must have very little mixture of sterile
neutrino in order to explain the data contributing to the
νSM.
The short-baseline anomalies indicate a mass split-
ting that is & 10 times larger than the mass splittings
between the mostly-active mass-states. Therefore, we
traditionally invoke the “short baseline approximation”
where we assume ∆m221 ≈ ∆m232 ≈ 0. As a result,
in a 3+1 model, we typically consider only one split-
ting between the mostly sterile state and the mostly ac-
tive states, which we term ∆m241, and which is equal to
∆m221 + ∆m
2
32 + ∆m
2
43.
The flavor and mass states are now connected by a
unitary matrix with one extra row and column. Writing
this in terms of generic matrix elements: νeνµντ
νs
 =
 Ue1 Ue2 Ue3 Ue4Uµ1 Uµ2 Uµ3 Uµ4Uτ1 Uτ2 Uτ3 Uτ4
Us1 Us2 Us3 Us4

 ν1ν2ν3
ν4
 , (11)
where we have ignored the possible Majorana phases,
since they have no observable effect in neutrino oscilla-
tion experiments. Our additional heavy-neutrino mass-
state can have either Dirac or Majorana mass terms; see
Ref. [26] for a complete discussion. In this review, we as-
sume that neutrinos are described by Dirac mass terms,
which implies that constraints from neutrinoless double
beta decay are immediately satisfied [27]; though for MeV
to GeV scale sterile neutrinos, kinematic constraints exist
in the Dirac scenario [28].
The νµ → νe, νe → νe, and νµ → νµ oscillation prob-
abilities are interconnected through these mixing matrix
elements:
Pνe→νe = 1− 4(1− |Ue4|2)|Ue4|2 sin2(1.27∆m241L/E), (12)
Pνµ→νµ = 1− 4(1− |Uµ4|2)|Uµ4|2 sin2(1.27∆m241L/E), (13)
Pνµ→νe = 4|Uµ4|2|Ue4|2 sin2(1.27∆m241L/E), (14)
where L and E are given in kilometers and GeV, or
meters and MeV, respectively. Additionally, there are
equations for the τ channel:
Pντ→ντ = 1− 4(1− |Uτ4|2)|Uτ4|2 sin2(1.27∆m241L/E), (15)
Pντ→νµ = 4|Uτ4|2|Uµ4|2 sin2(1.27∆m241L/E), (16)
Pντ→νe = 4|Uτ4|2|Ue4|2 sin2(1.27∆m241L/E). (17)
These equations appear similar to the two-neutrino mix-
ing formula in Eq. 1. As a result, the matrix element
8terms are often replaced with effective mixing angles:
sin2 2θee = 4(1− |Ue4|2)|Ue4|2, (18)
sin2 2θµµ = 4(1− |Uµ4|2)|Uµ4|2, (19)
sin2 2θµe = 4|Uµ4|2|Ue4|2, (20)
so that the equations appear clearly analogous; and sim-
ilarly for the τ sector.
At this point, few experiments sample Uτ4. Therefore,
we will not include oscillations involving τ -flavor in this
discussion. However, we point out that a past analysis
that included IceCube matter effects in the global
fits did provide a limit on Uτ4. In that case, fitting
world data leads a 4 × 4 mixing matrix of values, using
unitarity to constrain the elements of the final row [29].
We have reported ranges of allowed values in the past;
for example, in late 2016 the ranges of values allowed for
this 4× 4 mixing matrix were [29]:
|U | =[
0.79→ 0.83 0.53→ 0.57 0.14→ 0.15 0.13 (0.17)→ 0.20 (0.21)
0.25→ 0.50 0.46→ 0.66 0.64→ 0.77 0.09 (0.10)→ 0.15 (0.13)
0.26→ 0.54 0.48→ 0.69 0.56→ 0.75 0.0 (0.0)→ 0.7 (0.05)
. . . . . . . . . . . .
]
,
(21)
where the “. . . ” indicate parameters constrained by as-
sumed unitarity, the ranges correspond to 90% confidence
level intervals, and the entries in the last column are for
∆m241 ∼ 2 eV2 (∆m241 ∼ 6 eV2).
Lastly, depending on the experiment, it may be most
appropriate to use a rotation of the mixing matrix that
is parameterized as θ14, θ24, and θ34 rather than Ue4,
Uµ4, and Uτ4. The connections between these angles,
the ones introduced above, and the matrix elements are
given in our handy “cheatsheet,” in Table III. In the case
of θ14 = 0 (or equivalently |Ue4|2 = 0), note that sin2 2θ24
reduces to sin2 2θµµ. Therefore they are often used in-
terchangably. However, we caution that they are not the
same, and in global fits that search for νµ → νe and νe
disappearance, the assumption that θ14 = 0 is inconsis-
tent. This affects the MINOS results that are included
in the global fits later in this discussion.
E. The Launching Point of This Review
In this review, we consider the implications of global
fits to short-baseline data sets, in order to interpret
whether those data indicate the existence of sterile neu-
trinos. The metric we use for the 3+1 model fits is the
∆χ2 = χ2null−χ23+1, discussed further in Sec. V A 4. The
∆χ2 for a 3+1 fit to the 2016 data described above is
51 for 3 additional parameters [30]. This is an extremely
large improvement over a model with no sterile neutrino.
Clearly, the data strongly favors a correction that be-
haves like oscillations due to a sterile neutrino.
Despite this enormous improvement in ∆χ2, we are
suspicious of this explanation because the fit to a 3+1
model suffers from an observed internal inconsistency. In
principle, if the data sets were divided in half in an ar-
bitrary way, one should still find that the data subsets
will have global-fit solutions that overlap. A method to
parameterize the agreement between two data subsets is
given by the Parameter Goodness of Fit [31]. One per-
forms separate fits on the two underlying subsets as well
as the full data set, resulting in three χ2 values; for in-
stance, χ2app, χ
2
dis and χ
2
glob for a division along appear-
ance and disappearance data sets. One then defines an
effective χ2,
χ2PG = χ
2
glob − (χ2app + χ2dis), (22)
with an effective number of degrees of freedom:
NPG = (Napp +Ndis)−Nglob, (23)
where Napp, Ndis, and Nglob are the number of degrees
of freedom for the appearance, disappearance and global
data sets, respectively. These are then interpreted as a
χ2 to obtain a probability. This “PG Test” probability is
used to define the underlying “tension” between the two
data sets.
This scenario is a natural way to divide the data sets
in a 3+1 model. One can see that |Ue4||Uµ4| can be ex-
tracted either from measurements of νµ → νe appearance
(Eq. 14) or from the combination of electron and muon
disappearance data sets (Eqs. 12 and 13). Therefore, it is
customary to apply the PG Test to the appearance and
disappearance subsets when testing 3+1 global fits. The
state of matters for the past five years is that the PG
Test probability is small (. 10−5) for this comparison
[32]. We investigate this further in this review.
There are several possible explanations for the tension:
1. There are no sterile neutrinos. In this case, all of
the data sets must suffer from biases, and those bi-
ases accidentally match the effect of adding a sterile
neutrino.
2. There is one stable sterile neutrino as described in
a 3+1 model. In this case, a few data sets must be
suffering from unknown experimental effects. As
we will discuss in this review, in the appearance
data sets, the MiniBooNE results are systematics-
limited, and those systematic uncertainties may not
represent a perfect description. Also, we note that
data sets with limits are generally not examined
closely.
3. There are sterile neutrinos, but the model is more
complex than 3+1. While 3+1 is the simplest
model, it also seems highly artificial. Why would
there be only one sterile neutrino contributing?
Why would the sterile neutrino be stable, and not
decay?
At present, all three explanations are in play, and we
explore them in the remainder of this review.
9sin2 2θee = sin
2 2θ14 = 4(1− |Ue4|2)|Ue4|2
sin2 2θµµ = 4 cos
2 θ14 sin
2 θ24(1− cos2 θ14 sin2 θ24) = 4(1− |Uµ4|2)|Uµ4|2
sin2 2θττ = 4 cos
2 θ14 cos
2 θ24 sin
2 θ34(1− cos2 θ14 cos2 θ24 sin2 θ34) = 4(1− |Uτ4|2)|Uτ4|2
sin2 2θµe = sin
2 2θ14 sin
2 θ24 = 4|Uµ4|2|Ue4|2
sin2 2θeτ = sin
2 2θ14 cos
2 2θ24 sin
2 θ34 = 4|Ue4|2|Uτ4|2
sin2 2θµτ = sin
2 2θ24 cos
4 θ14 sin
2 θ34 = 4|Uµ4|2|Uτ4|2
TABLE III: 3+1 Sterile Neutrino Mixing Parameter Cheatsheet
IV. DESIGN OF SHORT BASELINE
EXPERIMENTS
Accessing an oscillation signal region requires selec-
tion of neutrino sources that can produce the flavor of
interest, and a detector which can observe such a fla-
vor. The designer must also select the appropriate L/E
for the parameter space of interest, and this addition-
ally influences the choice of source and detector. Large
distance-of-travel requires intense sources and large de-
tectors. The selected energy range affects the choice of
source. This usually leads to a limited range of high-rate
interaction channels, and in turn, limits the detector de-
sign choices.
In this section, we begin by briefly introducing the
neutrino interactions of interest to most oscillation ex-
periments. Then, we discuss options for detectors and
sources in light of commonly employed selections of L
and E.
A. Accessible Flavors and Interaction Modes
Observation of neutrino interactions usually makes use
of charged-current (CC) interactions, which allows obser-
vation of the outgoing lepton flavor. Figure 3 shows the
Feynman diagrams for CC interactions that will be dis-
cussed in this review. See Ref. [33] for a full review of
neutrino interactions from low to high energies.
The lowest energy purely CC interaction that is com-
monly employed is inverse beta decay (IBD), which
is electron antineutrino scattering from a free proton,
ν¯e + p → e+ + n, as shown in Fig. 3 (top). It is called
IBD because it is a transformation (a crossing-symmetry
diagram) of neutron beta decay, n→ p+ e− + ν¯e. Mak-
ing use of the relationship to neutron decay, which has a
very well-determined lifetime, the IBD cross section for
this interaction is predicted to 0.2% [34, 35].
Along with the well-determined cross section, there are
several other reasons that IBD is a popular interaction
mode for oscillation studies. It is easy to construct a tar-
get of free protons—one can use water, oil, or plastic, for
example. For a free proton target, the energy threshold
is very low, at 1.8 MeV, which arises from the mass of the
positron, 0.5 MeV, and the mass difference between the
proton and the neutron of 1.3 MeV. The experiment can
be designed such that the capture of the outgoing free
neutron may be detected. As a result, the IBD interac-
d d
u u
u d
ν¯e e+
W
p n
(a) Inverse beta
decay–electron
antineutrino scattering
from a free proton.
να lα
W
n p
(b) Quasi-elastic
neutrino-nucleon scattering
from a nuclear target.
να `α
W
q q′
(c) Deep-inelastic
scattering diagram, where
q and q′ are quarks.
FIG. 3: Some charged-current scattering diagrams
relevant for this review.
tion allows a time-coincidence signal of initial interaction
followed by capture, greatly reducing backgrounds.
At low energies, neutrino interactions are generally
suppressed as Pauli blocking prevents the conversion of
a neutron into a proton. For example, in commonly used
carbon-base targets, the threshold for νe+C→ e−+N is
10
17 MeV. An important exception to this will be gallium,
which has a 233.2 keV threshold for νe + Ga→ e−+ Ge.
As we look to higher energies, the four momentum
transfer can become large enough to knock the nucleon
outside the nucleus. For argon targets – used in new,
state-of-the-art detectors – the binding energy, that must
be overcome to free the proton in a neutrino interaction,
is about 40 MeV. The threshold is even higher for carbon,
which is a tightly bound nucleus. When a single nucleon
is knocked out of the target, νe + n→ e− + p, the inter-
action is called Charged Current Quasi-Elastic (CCQE)
scattering. CCQE can also be observed with high en-
ergy antineutrinos, where the target is the protons in the
nucleus.
Muon flavor CCQE scattering, shown in Fig. 3 (mid-
dle), is employed in several of the experiments we dis-
cuss in this review. The threshold of around 150 MeV,
depending on the target, is due to a combination of the
binding energy and the muon mass, which is 106 MeV. In
principle, this has a very clean signature of one outgoing
muon and one outgoing proton (1µ1p). However, this
is complicated by interactions between the struck pro-
ton and other nucleons during its exit from the nuclear
medium. This leads to a cross section that is only known
to about 15%, depending on the nuclear target [36, 37].
A complex set of resonances contribute to the interac-
tions between around 500 MeV to 20 GeV. Neutrino cross
sections in this region are difficult to predict and preci-
sion measurements are difficult to obtain. As a result, the
neutrino community is collaborating with the electron-
scattering community at Jefferson Laboratory on a set of
experiments that will better constrain this region. For
example, Ref. [38] reports the first electron-argon differ-
ential cross section, at a beam energy of 2.2 GeV. How-
ever, until a full suite of these results are obtained, oscil-
lation experiments are generally avoiding the use of this
“Resonance Region” if possible.
Unfortunately, experiments that are focused on CCQE
interactions often have beam energies that extend into
the Resonance Region, and this produces backgrounds. A
background of particular concern, as we will discuss later,
comes from neutral current (NC) production of the ∆
resonance, rather than CC production of this resonance.
The ∆ can decay to a pi0 and a proton, and, rarely, to a
single photon and proton. If the photon is misidentified
as an electron, then this interaction can fake a νe CCQE
scatter.
Above 20 GeV, the neutrinos carry sufficient energy to
resolve the quarks within the nucleon (νµ+d→ µ−+u).
This is called Deep Inelastic Scattering or “DIS,” shown
in Fig. 3 (bottom). DIS can also be observed using an-
tineutrinos, where the target is the u quarks in the nu-
cleon. The cross section for DIS rises linearly with energy
and is known to 2% [39]. As a result, this kinematic re-
gion represents an excellent option for precision studies
of neutrino oscillations, assuming that the appropriate
matching L is also feasible.
While we have described interactions of electron-flavor
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FIG. 4: An illustration of the commonly-used neutrino
sources for a given L, distance from neutrino production
to detector, and E, energy of the neutrino. LLS stands
for Long-lived sources and KDAR for kaon
decay-at-rest.
and muon-flavor neutrinos, we have not discussed tau-
flavor. The reason is that CC interactions involving the
τ are highly suppressed due to its 1.8 GeV mass. Even at
100 GeV, the ratio of ντ interactions to νµ interactions
is only around 80% due to this mass suppression. There-
fore, it is relatively rare for an oscillation experiment to
employ ντ CC interactions as a signature.
B. Neutrino Sources
Because the characteristic experimental parameters of
an oscillation search are L and E, let us consider the
range of possible neutrino sources in an L vs. E plane,
illustrated in Fig. 4. The range of L is limited by the flux
that can be directed toward the detector. In this review,
we will consider only neutrino fluxes from weak decays of
mesons and baryons, but we note that fusion in the sun
and dying stars can also produce measurable fluxes on
earth. The E-range divides into two regimes: decay-at-
rest sources at lower energies and decay-in-flight sources
at higher energies.
1. Low Energy νe and ν¯e Fluxes
(Radioactive and Reactor Sources)
The shortest L and lowest E neutrino fluxes discussed
in this review are from artificially created megaCurie
sources of 51Cr and 37Ar. These have 27.8 day and
35.0 day half-lives, respectively. This makes their use
complicated, as the highly radioactive source must be
quickly and safely brought from the reactor site – where
it is made – to the detector. These isotopes both decay
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FIG. 5: Decreasing lines: average number of
antineutrinos created per fission per MeV for each fuel
component with scale on left y-axis. Black line: IBD
cross section versus neutrino energy with scale on right
y-axis. The black dots: convolution of the antineutrino
flux (assuming equal fuel contributions) and IBD cross
section, shown in an arbritrary scale.
exclusively by electron capture with a total decay energy
of QEC = 753 keV (
51Cr) and QEC = 814 keV (
37Ar)
and so they must be paired with a gallium target.
The short half-life can be addressed through replenish-
ing the isotope using an accelerator-driven system. An
example of this is the IsoDAR source which uses an ac-
celerator to produce 8Li, which decays in 841 ms. While
concepts like IsoDAR are in development, such a source
has not been constructed. We explore this further with
a discussion of next-generation experiments in Sec. X.
Reactors are the primary source of low energy antineu-
trinos for oscillation experiments today. Low energy ν¯e
are copiously produced through the 235U and 239Pu decay
chains. In fact, most of the antineutrinos are produced
below the IBD threshold, and so they are not used for
the physics discussed here. When the rising IBD cross
section is combined with the falling reactor flux, one ob-
tains an energy spectrum of events that peaks at around
3 MeV, as shown in Fig. 5. Note that while the x-axis is
neutrino energy, it is often the case that reactor experi-
ments present observed spectra as a function of prompt
energy, which is 0.8 MeV lower than the neutrino energy.
Years of effort have gone into predicting the reactor
flux. In 2011, a series of studies [23, 40, 41] revisited the
absolute prediction of reactor fluxes, updating 20-year-
old cross sections with modern data. The surprising re-
sult was the Reactor Antineutrino Anomaly (RAA)—a
shift in the predicted reactor flux with respect to mea-
surements that could be interpreted as a sterile neutrino
signal. At this point, the highest precision result comes
from a combined analysis of Daya Bay and RENO [42]
which finds an overall rate of data compared to predic-
FIG. 6: Daya Bay measurement of the 235U and 239Pu
cross sections averaged over the reactor flux, shown in
green. Huber prediction is shown by black point, with
1σ on prediction shown in oval. Red lines project the
central value of the measurement and black lines
project the central value of the prediction. The blue
line indicates the line along which the prediction moves
if sterile neutrinos are included. Plot modified from
Ref. [45].
tion of 0.927±0.016 for the weighted averaged of the two
experiments and the two isotopes. However, attributing
this to sterile neutrinos is complicated by two further
observations.
First, a few percent excess in the reactor visible energy
spectrum is observed at 5 MeV. We discuss the experi-
ments that observe this excess in detail in Sec. VII B.
The results of the RENO experiment show that this ex-
cess scales with both reactor power [43] and with the
U-235 content of the core [44]. At present, the source of
the 5 MeV excess is far from resolved.
Second, Daya Bay has shown that an alternative expla-
nation of the RAA is an incorrect prediction of 235U an-
tineutrino production rate for power reactors [45]. This
analysis makes use of the fact that, as a power reactor
burns fuel, the relative fission rate of 235U and 239Pu
changes with time, as well as the fact that the 235U an-
tineutrino flux has a different energy dependence than the
239Pu flux. Keeping in mind that the IBD cross section
rises with energy, if one had a source that was entirely due
to antineutrinos from 235U, then the average IBD cross
section would be (6.17± 0.17)× 10−43 cm2/fission, while
it would be (4.27 ± 0.26) × 10−43 cm2/fission for 239Pu.
Thus, the two average cross sections can be extracted
through a time dependent study that accounts for the
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relative fission rates. Fig. 6 shows the Daya Bay result
(green), compared to a recent model from Huber, et al
(black) [41]. We overlay two sets of lines: the black verti-
cal and horizontal lines guide the eye to the central value
of the production cross sections by Huber, while red lines
project the central value of the Daya Bay measurement.
One sees that the 239Pu crosses the Daya Bay measure-
ment well within 1σ, but the 235U prediction is outside
the 2σ region of the Daya Bay measurement. On the
other hand, the blue tilted line indicates how a combined
239Pu and 235U average cross sections prediction will vary
in the presence of sterile neutrinos. This blue line in-
tersects the Daya Bay result at 1σ for an 8% reduction
of both the 235U and 239Pu cross section due to a ster-
ile neutrino. Therefore, the two possible explanations–a
problematic cross section prediction for 235U or the exis-
tence of sterile neutrinos–cannot be distinguished in this
data set.
In response to these issues concerning the interpreta-
tion of the absolute-normalization-based RAA as due to
sterile neutrinos, recent reactor experiments have moved
to near-far detector ratios that sample identical fluxes
(up to solid angle effects) in the absence of oscillations.
This is a classic approach, which usually employs a single
moving detector or two detectors located at different lo-
cations. In the case of reactor experiments, where the L
that must be spanned is relatively short, one can also use
a single long detector. In our global fits, we have chosen
to include the ratio-based results, and to not include the
absolute-normalization-based results.
2. Fluxes from Meson DAR
Moving up in energy, high rates of fluxes in the 20 MeV
to 50 MeV range can be achieved through the pion to
muon decay at rest (pi/µ DAR) sequence. An accelerator
is used to produce pi+ which comes to a stop in a target
and decays to µ+ + νµ. This is a two-body decay that
produces a monoenergetic, 29 MeV, νµ. The muon from
the stopped pion decay will also come to a stop and de-
cays to e+ + ν¯µ + νe. This is a weak decay with a very
well defined energy spectrum for the ν¯µ and νe, with an
endpoint at 52 MeV.
The pi/µ DAR flux produces a negligible amount of
ν¯e. Electron-antineutrinos are not produced in the pi
+
initiated chain and the pi− chain is highly suppressed
for several reasons. First, the proton beam energy is
typically chosen to be 800 MeV, which highly suppresses
pi− production compared to pi+. Second, heavy targets
are used, which leads to fast pi− and µ− capture. As a
result, the typical rate of ν¯e intrinsically produced in a
pi/µ DAR flux is 0.01% of the ν¯µ flux. The combination
of this low intrinsic background and the well understood
energy spectrum makes pi/µ DAR ideal for oscillation
studies. We will refer to experiments using this source
often in our following discussion.
The first step of pi/µ DAR offers a source of mono-
energetic neutrinos, which would be ideal for the study
oscillations in a detector that can move, with the excep-
tion that 29 MeV νµ is below CC threshold. In principle,
there is an NC interaction – coherent neutrino scattering
– which has been observed and can be employed to sam-
ple this flux, but in practice this has never been demon-
strated. In Sec. X, we describe the future Coherent Cap-
tain Mills experiment, which may exploit this signal.
A second source of mono-energetic neutrinos comes
from the two-body K+ → νµ + µ+ decay. Kaon decay at
rest (KDAR) produces a 236 MeV νµ flux that was re-
cently observed in CCQE interactions by the MiniBooNE
experiment [46]. This enables interesting future sterile
neutrino searches that we discuss in Sec. X.
3. Fluxes from Meson DIF
To reach higher energies, one can use decay-in-flight
(DIF) of pions and kaons. In most designs, a magnetic
“horn” is introduced to select the charge of the meson,
so that a relatively pure neutrino or antineutrino beam
will be produced. As an example, in the case of the
Booster Neutrino Beam (BNB) at Fermi National Ac-
celerator Laboratory, neutrino running yields a νµ beam
content of 93.6%, a ν¯µ content of 5.9%, and a (νe + ν¯e)
content of 0.5% [47]. These are fairly typical numbers.
For comparison, the planned DUNE beam will have a
90.6% νµ, 8.6% ν¯µ, and 0.8% (νe + ν¯e) content [48]. In
antineutrino running, these beams tend to be somewhat
less clean. For example, the BNB beam has an 83.7% ν¯µ,
15.7% νµ, and 0.6% (νe + ν¯e) content [47]. The energy
distribution and the intrinsic νe content of DIF beams is
difficult to predict ab initio. In Sec. IV E we describe how
the systematic uncertainty from this can be controlled in
a νµ → νe search through the use of a well-measured νµ
flux as a constraint.
Atmospheric neutrinos are also produced through DIF.
In this case, high-energy cosmic rays hit nuclei in the
Earth’s atmosphere, producing mainly pions and kaons,
which decay to result in a combined neutrino and an-
tineutrino flux. The most famous atmospheric-based os-
cillation studies, such as the Super Kamiokande results
that led to the 2015 Nobel Prize [49], used interactions
from 500 MeV to the few GeV range. However, atmo-
spheric neutrino production extends to very high ener-
gies. We will briefly discuss results from the IceCube
experiment that make use of TeV-energy neutrino inter-
actions.
C. Neutrino Detectors
There are a few common modes for detection of neutri-
nos in oscillation searches. As with any particle physics
experiment, there is a trade-off between increasing the
detector volume and making the detector more precise.
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FIG. 7: An illustration of the commonly-used neutrino
detectors for a given L, distance from neutrino
production to detector, and E, energy of the neutrino.
1. Detectors for Energies below ∼ 20 MeV
Detectors at low energies typically make use of the IBD
interaction as the rate is high and the time coincidence
of the initial interaction followed by the neutron capture
allows for rejection of backgrounds. Hydrocarbon-based
scintillator is ideal because it contains many free-proton
targets per ton and it typically produces around 10,000
visible photons per MeV of deposited energy. The IBD
interaction produces a positron, which will stop and anni-
hilate on an electron in the scintillator. Thus, the initial
signal is the positron kinetic energy plus the Compton
scattering deposited energy of two 511 keV γ-rays that
are produced by the annihilation. The protons of the
scintillator can also provide a target for the neutron cap-
ture, where a 2.2 MeV γ is released, which subsequently
Compton scatters to produce the coincidence signal.
Most often scintillator based detectors are monolithic
tanks of scintillator oil, surrounded by photomultiplier
tubes (PMTs), as this is the cheapest design per ton. The
tanks may have a buffer region of undoped scintillator be-
tween the PMTs and the active region to prevent radioac-
tive decays in the PMT glass from producing background
in the detector. Scintillator experiments located close to
a source, where the flux is large, may use detectors that
are segmented into scintillator “bars.” This provides bet-
ter spatial information for reconstructing event positions,
allowing improved rejection of backgrounds. Segmented
detectors are often constructed of solid scintillator, since
this avoids leaks, but in a few cases, such as the KAR-
MEN experiment that we will discuss later, the bars are
scintillator-oil filled.
Although the neutron capture cross section on hydro-
gen is relatively large, certain elements offer much higher
neutron capture cross sections. If these materials – such
as gadolinium or lithium – can be introduced into the
scintillator, then the neutron capture time will be faster,
reducing backgrounds from random coincidences. The
typical neutron capture time of a hydrogen-based detec-
tor is ∼ 200 microseconds, while a detector with a less
than 1% gadolinium introduced into the scintillator has a
capture time of ∼ 30 microseconds. In the early 2000’s,
a great deal of R&D was performed to allow gadolin-
ium to be mixed into the scintillator oil without prob-
lematic reactions, such as the oil turning yellow [50, 51].
In fact, several early experiments, including the Chooz
experiment, suffered from this effect. Modern gadolin-
ium doped scintillators are still regarded as fragile and
must be handled with care. Lithium has pros and cons
with respect to gadolinium. As a substantial pro, neu-
tron capture on 7Li leads to a decay involving two alphas
that produce light at a well-defined position; in compar-
ison, gadolinium produces multiple photons, for which
the Compton scatter may occur over many centimeters
or exit the detector entirely. On the other hand, lithium
is more expensive than gadolinium.
2. Detectors for ∼ 10 MeV to ∼ 1 GeV
In the ∼ 10 MeV to ∼ 1 GeV range, Cherenkov detec-
tors have a number of attractive features above scintilla-
tion detectors. First, at these energies, protons are gen-
erally below Cherenkov threshold, yielding a clean lepton
signal for the neutrino interactions. As we discuss below,
the muon and the electron can be distinguished by qual-
ities of the Cherenkov ring. Also, a Cherenkov detector
provides information on the direction of the outgoing lep-
ton, thus giving the angle with respect to the beam, if
the beam direction is known.
Cherenkov detectors are usually constructed of water,
and, in some cases, pure mineral oil (or mineral oil very
lightly doped with a scintillator). Oil has a few advan-
tages for small detectors. Oil has a slightly larger open-
ing angle for the Cherenkov ring than water; the PMT
high voltage needs no protection because oil is an insula-
tor; the energy threshold for Cherenkov radiation is lower
since oil has a larger index of refraction than water; and
a purification system is not needed. However, oil costs
more per ton, and at about 1 kton, there is a crossing
point where the cheapness of water outweighs the advan-
tages of oil.
Additionally, the flavor of the outgoing charged lep-
ton can be determined from the topology of the emitted
Cherenkov light. As a result, for higher energy oscilla-
tion experiments where electrons must be distinguished
from muons, Cherenkov detectors are preferred. Because
electrons have a mass which is 200 times smaller than a
muon, they will suffer more multiple scattering and radi-
ation and produce a “fuzzy” ring compared to the well-
defined muon ring. For the CCQE interaction, given a
well-defined beam direction, one can reconstruct the neu-
trino energy from the θ angle of the track inferred from
the Cherenkov ring, and the energy, E`, of the electron or
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muon derived from the visible energy seen in the PMTs.
If we define ` = e or µ, Mn(Mp) as the mass of neutron
(proton), and B as the binding energy of the nucleon,
and we define ∆ = Mn −B, then the neutrino energy is
given by:
EQEν = 0.5
2∆E` − (∆2 +M2` −M2p )
∆− E` +
√
(E2` −M2` ) · cos θ`
. (24)
3. Detectors for Energies Beyond ∼ 1 GeV
At energies of roughly 1 GeV, it has, historically, been
cheapest to develop tracking calorimeters. These com-
bine drift chambers and segmented scintillators to recon-
struct outgoing muon tracks and showers from electrons
and from the hadronic vertex. At higher energies, usu-
ally a heavy target is interspersed with the detectors,
such that the detector becomes a “sampling calorime-
ter.” Many of these detectors incorporate magnets that
allow the sign of an outgoing muon to be determined,
and also the momentum to be accurately measured from
the radius of curvature of the track.
The liquid argon time projection chamber (LArTPC)
is a new detector that is being introduced to the field of
neutrino oscillation physics. The results that we discuss
in this review do not, as yet, make use of this device, but
future results will (see Sec. IX). Therefore, we briefly de-
scribe the detector here, and refer the reader to Ref. [52],
for a description of a recently constructed LArTPC. The
device consists of an electric field cage filled with liquid
argon. When an interaction occurs, the exiting charged
particles ionize the argon and those electrons drift to one
side, due to the electric field, where they are recorded
via wire chambers. The wire chambers provide informa-
tion on the event in two dimensions, while information
on the third dimension is determined by the drift time
of the electrons. The interaction time, which determines
the start of the drift, may be known in two ways. First,
liquid argon is an excellent scintillator, and so the time of
the interaction is known through detection of this light.
Second, in the case of beam-based experiments, it may
also be known by the timing of the beam spill.
D. Short Baseline Experiments Implemented in
Global Fits
In this section, we provide an overview of the experi-
ments implemented into our global fits. Table II is pro-
vided below with a list of these experiments, along with
their oscillation type. To orient the reader to the ex-
perimental results we provide fits to a two-neutrino os-
cillation model for each case in Figs 9, 10 and 11. The
frequentist confidence regions for the 99%, 95%, and 90%
are shown in blue, green, and red, respectively. If a con-
tour includes the lower left edge of the plot, then this is
an open contour and a limit is shown. The cases that
we refer to as having “signals” in this review have closed
contours at 95% confidence level.
These experiments are also organized in Fig. 8 where
they are shown as a function of the experiment’s neutrino
energy range and baseline. This figure has been adapted
from Ref. [53], where it was used in the context of Lorentz
violation. As marked in Table II, those with “signals”
are indicated with a red line. On a log-log plot of L
vs. E, each oscillation maxima for a fixed ∆m241 in the
3+1 model will lie on a line. In solid blue, we indicate the
line for the first oscillation maximum of ∆m2 = 1.32 eV2,
which will be the best fit that we find later in this paper.
Experiments below this line should see reduced or no
oscillation signal, while experiments above the line should
see increasingly rapid oscillations. The second oscillation
maximum for the same ∆m241 will be offset slightly above,
as illustrated by the blue dashed line. Experiments that
do not intercept these lines are not expected to exhibit a
signal. One sees that there is a cohesive picture except for
MiniBooNE (NuMI) and PROSPECT. However, we note
that MiniBooNE (NuMI) does exhibit a small excess, as
we discuss below, and PROSPECT has not yet garnered
sufficient statistics to be sensitive to a potential signal.
Thus, this cartoon presents a coherent picture, overall.
1. Appearance Experiments
Appearance experiments search for muon flavor neu-
trinos converting to electron neutrinos. In the context
of two-neutrino global fits, these experiments would be
sensitive to the product of the mixing matrix terms
|Uµ4||Ue4| and ∆m241. In Fig. 9, we present two-neutrino
(νµ → νe) fits to each data set. We fit to the data from
the following appearance experiments:
a. LSND [54]: The LSND (Liquid Scintillation
Neutrino Detector) ran at Los Alamos National Labo-
ratory in 1993-1998, searching for ν¯µ → ν¯e appearance
using a decay-at-rest (DAR) beam. LSND created its
ν¯µ by impinging an intense (∼1 mA) beam of 798 MeV
protons onto a target. The ν¯µ beam ultimately created
extended up to 55 MeV in energy, with the detector
located 30 m from the target. The LSND detector
was a tank filled with 167 metric tons of liquid scin-
tillator, surrounded by 1220 8-inch PMTs. LSND ob-
served a ν¯e excess of 87.9± 22.4± 6.0 events above back-
ground, which corresponds to an oscillation probability
of (0.264± 0.067± 0.045)%.
b. KARMEN [55]: The KARMEN (Karlsruhe
Rutherford Medium Energy Neutrino) experiment ran at
the Rutherford Laboratory in 1997-2001, searching for
ν¯µ → ν¯e appearance using a DAR beam. This exper-
iment ran in two phases, and we make use of the final
KARMEN2 data set. Similar to LSND, KARMEN pro-
duced its beam by impinging a proton beam on a target
and producing ν¯µ by the same decay chain as LSND. The
detector was a segmented liquid scintillation calorimeter,
located 17.7 meters from the target at an angle of 100° to
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FIG. 8: The experiments included in this global analysis shown as a function neutrino energy range and baseline.
Red – those with > 2σ preference for an additional neutrino state. Blue solid (dashed) line indicates the first
(second) oscillation maxima. See text for further discussion.
the proton beam. KARMEN saw no signal of oscillations,
having observed 15 candidate ν¯e events with 15.8 ± 0.5
expected from background. KARMEN thus excludes a
large area of the LSND signal, but at a lower confidence
level because the intensity of the flux was lower than the
flux at LSND.
c. MiniBooNE (BNB) [56, 57]: The Mini-
BooNE experiment was commissioned in order to follow
up on the LSND anomaly using different detection tech-
niques and energies while still being sensitive to the same
parameter space. As opposed to a DAR beam, the pri-
mary data set for MiniBooNE made use of a decay in
flight (DIF) beam by impinging an 8 GeV proton beam
on a berylium target and focusing the charged mesons
(primarily pions and kaons) towards the detectors. This
was produced in the BNB line at Fermi National Acceler-
ator Laboratory, with the fluxes described in Sec. IV B 3.
The target was placed inside of a magnetic focusing horn,
allowing the experiment to focus either positively or neg-
atively charged mesons, which would then decay to pro-
duce either νµ or ν¯µ, respectively. This allowed Mini-
BooNE to perform both a ν¯µ → ν¯e and a νµ → νe search.
The neutrino beam energy is peaked at ∼500 MeV [47],
and the detector was placed 540 meters downstream of
the target. The MiniBooNE detector is a 450 ton oil
Cherenkov detector. In their most recent result, pub-
lished in 2018, MiniBooNE reports an oscillation signal in
both neutrino and antineutrino mode and we have com-
bined neutrino and antineutrino data sets in Fig. 9. Fur-
thermore, this signal is consistent with the signal seen
by LSND. Since this signal is associated with an excess
at low energy, it has become known as the MiniBooNE
“Low Energy Excess” (LEE). In Sec. IV E, we discuss in
detail how the MiniBooNE constrained backgrounds to
the LEE signal using data from the detector.
d. MiniBooNE (NuMI) [58]: The MiniBooNE
detector also stands near another neutrino beam, the
NuMI beamline. The NuMI beam was directed toward
the MINOS detector in Minnesota, and so the beamline
was oriented downward and to the north at the Fermilab
site. The neutrinos are created by impinging a 120 GeV
proton beam on a carbon target at roughly surface-level,
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(a) LSND (b) KARMEN
(c) MiniBooNE (BNB), ν and ν¯ (d) MiniBoonE (NuMI)
(e) NOMAD
FIG. 9: Fits to νµ → νe to the appearance data sets. Upper left: LSND; upper right: KARMEN; middle left:
MiniBooNE (BNB), with neutrino and antineutrino data combined; middle right: MiniBooNE (NUMI); bottom:
NOMAD. The contours for the 99%, 95%, and 90% are shown in blue, green, and red, respectively.
and two magnetic horns focus the positive mesons toward the MINOS detector. The on-surface MiniBooNE detec-
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tor lies 745 m from the NuMI target, at 6.3°off-axis from
the NuMI beam. Thus, MiniBooNE could observe events
due to neutrinos produced in the NuMI line. Unlike the
BNB flux, this spectrum was quite complicated to model.
The neutrino energy extended up to ∼3 GeV. In partic-
ular, the off-axis NuMI beam had a very high intrin-
sic electron neutrino content, where 38% originated from
parent mesons produced in non-target material. This led
to large systematic uncertainties on the background in a
νµ → νe search, which ran from 2005-2007. The result
yielded a 1.2σ excess over the background expectation,
which is below the level we would note as a signal. How-
ever, this excess is consistent in magnitude and energy
range with other anomalies, and so contributes to the
overall appearance best fit point.
e. NOMAD [59]: NOMAD was an experiment
conducted at CERN meant to search for νµ → ντ oscil-
lations. The detector was optimized to detect electrons
from τ− → e− + ν¯e + ντ decays, and so NOMAD could
also be used to search for νµ → νe oscillations. The neu-
trino beam had an average energy of ∼ 20 GeV, with an
average baseline of 625 meters. NOMAD found no signal
for oscillation, and excludes the LSND best fit region for
∆m2 & 10 eV2.
2. Electron Flavor Disappearance Experiments
We fit to the data from the following experiments that
search for the disappearance of electron flavor flux. In
the context of two-neutrino global fits, these experiments
would be sensitive to |Ue4| and ∆m241. The two neutrino
(νe → νe) fits to these data sets are shown in Fig. 10.
a. Bugey [60]: Bugey was a ν¯e → ν¯e disappear-
ance reactor experiment. Three detectors were placed at
15, 40, and 95 meters from the reactor. The detectors
are each a ∼ 600 liter2 tank segmented into 98 segments,
filled with 6Li doped scintillator. The Bugey collabo-
ration conducted two analyses, one where the spectral
shapes at each detector was compared to MC prediction,
and another where the spectra observed were compared
between pairs of detectors. In this analysis, we follow
the latter technique. Bugey observed no signal for oscil-
lations at 90% CL.
b. NEOS [61] and Daya Bay [62]: NEOS (Neu-
trino Experiment for Oscillation at Short baseline) is an
ongoing reactor ν¯e → ν¯e disappearance experiment situ-
ated in South Korea. The neutrino target of the NEOS
detector is 1008 liters of Gd-doped liquid scintillator, po-
sitioned 23.7 m from the reactor core center. The detec-
tor operated 180 days with the reactor on, and 46 days
with the reactor off, averaging 1976 antineutrino events
per day.
In order to compensate for systematic uncertainties
in the predicted reactor antineutrino flux, the ratio of
the NEOS event rate is taken with the Daya Bay near-
detector unfolded spectrum, taking into account differ-
ing fuel compositions [40]. Daya Bay, which is located
in China, is a high statistics reactor experiment designed
initially for a precision oscillation search at an ∼ 1 km
baseline [63]. The two near detector halls are located at
560 m and 600 m, respectively.
In our implementation, both the NEOS and Daya Bay
spectra are allowed to oscillate, depending on the oscilla-
tion parameters. No evidence for oscillation is seen in the
NEOS/Daya Bay combination, and sin2 2θ14 is excluded
up to 0.1 for ∆m241 ranging from 0.2 to 2.3 eV
2 at 90%
CL.
c. DANSS [64]: DANSS (Detector of the reactor
AntiNeutrino based on Solid Scintillator) is an ongoing
reactor ν¯e → ν¯e disappearance experiment situated in
Russia. The DANSS detector is a 1 m3 volume of highly
segmented plastic scintillator strips. To address system-
atic uncertainties in the predicted reactor antineutrino
flux, the DANSS detector is mobile and data is taken at
three baselines: 10.7, 11.7, and 12.7 m from the reactor
core center. The ratio of the event rates at these dif-
ferent baselines are then taken. The detector averaged
4899 inverse beta decay events per day in the top (10.7
m) position. The most recent analysis by DANSS, from
2018, only incorporates statistical errors, but systematic
uncertainties are expected to be small due to using the
same detector at different baselines. While the DANSS
collaboration has released an exclusion limit, a statis-
tically significant preference for oscillation is found at
∆m2 = 1.4 eV2. The collaboration plans to study the
significance of this preference, incorporating systematic
uncertainties as more data is collected.
d. PROSPECT [65]: PROSPECT (Precision Re-
actor OScillation and SPectrum ExperimenT) is an on-
going reactor ν¯e → ν¯e disappearance experiment located
at the High Flux Isotope Reactore (HFIR) at Oak Ridge
National Laboratory in the US. PROSPECT uses a 4
ton 6Li-doped liquid scintillator detector segmented into
154 optically isolated segments, so that the detector can
independently measure the ν¯e flux at baselines ranging
7-9 meters, and take their ratios. The HFIR reactor core
is compact and composed of highly enriched uranium,
with a fission fraction typically & 99% 235U, minimiz-
ing baseline uncertainties and fission fragment specific
flux uncertainties that commercial reactor experiments
face. PROSPECT saw no signal, but the experiment is
relatively new; at the time of inclusions in the fits, this
experiment had run for only 33 reactor-on days and 28
reactor-off days in 2018. As a result, PROSPECT is cur-
rently statistically limited.
e. GALLEX [66] and SAGE [67]: A pair of
Gallium-based experiments, SAGE and GALLEX, mea-
sured the solar neutrino flux by counting the interactions
of νe with the gallium in the detectors. Both experiments
placed radioactive sources within the detectors for cali-
bration. SAGE conducted two calibrations, once with
51Cr and again with 37Ar. GALLEX conducted two cal-
ibrations, using 51Cr both times. The ratio R of the ob-
served interaction rates over the expected due to source
strength was taken for each of the four measurements,
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(a) Bugey (b) NEOS
(c) DANSS (d) PROSPECT
(e) SAGE and GALLEX (f) KARMEN/LSND Cross Section
FIG. 10: Fits to νe → νe to the electron-flavor data sets. Upper left: Bugey; upper right: NEOS; middle left:
DANSS; middle right: PROSPECT; bottom left: SAGE and GALLEX, combined; bottom right: KARMEN and
LSND cross section joint fit.
and the weighted average was found to beR = 0.87±0.05.
This > 2σ can be interpreted as a signal for νe disappear-
ance.
f. KARMEN/LSND (Cross Section) [68]: In
addition to ν¯e, both LSND and KARMEN were able to
detect νe from the νe+
12C→ 12Ngs+e− interaction. The
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12Ngs was identified by the subsequent decay through
12Ngs → 12C + e+ + νe. These interactions were used
to make a νe-carbon cross section measurement. Due to
their differing baselines, 17.7 and 29.8 meters for KAR-
MEN and LSND respectively, oscillating νe’s would result
in different measured cross sections for the two detectors.
No oscillation signal was found, and the joint analysis ex-
cludes a large area of the Gallium confidence levels while
only excluding a modest portion of the Reactor Antineu-
trino Anomaly confidence level.
3. Muon Flavor Disappearance Experiments
We fit to the data from the following experiments that
search for the disappearance of muon flavor neutrino flux.
In the context of two-neutrino global fits, these experi-
ments would be sensitive to |Uµ4| and ∆m241. Two neu-
trino fits (νµ → νµ) are shown to these muon-flavor data
sets in Fig. 11.
a. MiniBooNE/SciBooNE (BNB) [69, 70]:
SciBooNE was a neutrino cross section experiment us-
ing the same neutrino beam as MiniBooNE. The Sci-
BooNE detector stood 100 m from the production tar-
get, compared to MiniBooNE’s 540 m baseline. This al-
lowed a joint analysis between the two detectors to be
done, where SciBooNE acted as the near detector and
MiniBooNE as the far detector. The joint analysis did
separate νµ → νµ and ν¯µ → ν¯µ disappearance searches.
In both analyses, the two-detector fit found no signal for
νµ or ν¯µ disappearance.
b. CCFR84 [71]: The CCFR collaboration col-
lected data in order to measure νµ and ν¯µ disappearance
using a neutrino beam and a pair of detectors at Fermi-
lab. The narrow band neutrino beam at Fermilab ran
on 5 momentum settings for pi+ and K+ (100, 140, 165,
200, and 250 GeV) and ran at 165 GeV for antineutrino
mode. This provided a neutrino energy range between
40 and 230 GeV. The two detectors stood 715 and 1116
meters from the center of the 352 m decay pipe. The
CCFR collaboration found no evidence for oscillations
in either neutrino or antineutrino mode. The excluded
region was approximately 15 < ∆m2 < 1000 eV2 and
sin(2θ) > 0.02.
c. CDHS [72]: The CDHS experiment was de-
signed to study deep inelastic neutrino interactions with
iron, using the SPS beam at CERN. A νµ → νµ oscil-
lation study was done with CDHS by constructing an
additional detector 130 m from the beam target to act as
the near detector, while the existing detector acted as the
far detector at 885 m from the proton target. The neu-
trino flux peaked at 1 GeV. Unlike most other neutrino
experiments that compare neutrino event rates as a func-
tion of reconstructed neutrino energy, CDHS compared
rates as a function of the track length of the outgoing µ.
CDHS saw no signal for oscillation.
d. MINOS-CC [73–75]: MINOS was a dual de-
tector neutrino experiment based at Fermilab. Utilizing
the NuMI beam, MINOS measured νµ and ν¯µ disappear-
ance using two detectors, at 1.04 km and 735 km from
the production target. We consider several data sets,
in both neutrino and antineutrino modes, in our analy-
sis. For the ν¯µ oscillations, two different data sets from
2011-12 are used. One is from a MINOS analysis where
the NuMI beam ran in ν¯µ mode, and ν¯µ disappearance
was measured. In the other case, the NuMI beam ran
in νµ, and the disappearance of the 7% wrong-signed ν¯µ
component of the beam is measured. In the case of νµ
oscillations, we use the MINOS 2016 νµ data set.
Because MINOS is a long-baseline experiment, which
is affected by the oscillations of the three light neutri-
nos, assumptions are made in their analyses in order to
reduce the number of fit parameters. For example, in
the 2016 data set, MINOS fit for the “active-flavor” mix-
ing parameters θ23 and ∆m
2
23, and the sterile parameters
θ24, θ34 and ∆m
2
41. They set the remaining active flavor
parameters to best fit values as described in Ref. [75].
Also, they set θ14 = 0, which is inconsistent with use
in a global fit, as it does not allow for νe disappearance
or νµ → νe transitions. We make use of this data set
despite this problem, and it is an example of the unfor-
tunate compromises that must be made when performing
global fits, as discussed in Sec. VII E.
E. Techniques for Constraining Uncertainties: The
MiniBooNE Example
Among the experiments with signals included in our
fits, MiniBooNE is unique in that it has high back-
grounds. A stacked plot of backgrounds showing the
MiniBooNE excess in neutrino mode is presented in
Fig. 12. Therefore, as an example, it is worth review-
ing MiniBooNE’s data-driven techniques for constraining
backgrounds in more detail.
The MiniBooNE experiment is a 450 t fiducial vol-
ume oil-based Cherenkov detector running in Fermilab’s
Booster Neutrino Beamline (BNB). The beam energy
leads to a signal from charged current quasi-elastic scat-
tering (CCQE); the detector is searching for an excess of
νe + n → e− + p and ν¯e + p → e+ + n events in a beam
of high νµ purity (see Sec. IV B 3).
The experiment collected data from 2002-2007 running
in neutrino mode [76], and then in 2007-2013 in antineu-
trino mode [57]. The experiment then took a hiatus to
search for dark photon production in the BNB dump [77].
When the MicroBooNE Experiment came online in 2015,
the BNB switched back to neutrino mode running. Mini-
BooNE, which is located 70 m upstream of MicroBooNE
and 540 m from the BNB target, continued to take data,
doubling the neutrino data set. The results were released
in Ref. [56] in May 2018, and the reader should see this
reference for a full discussion.
The two MiniBooNE neutrino mode data sets are com-
pared in Fig. 13. The best fit oscillation model is shown
in each case. The data sets are an interesting exam-
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(a) MiniBooNE-SciBooNE (b) CCFR
(c) CDHS (d) MINOS
FIG. 11: Fits to νµ → νµ to the muon-flavor data sets. MiniBooNE-SciBooNE; upper right: CCFR84; middle left:
CDHS; middle right: MINOS-CC data sets, combined.
ple of how mis-leading “χ-by-eye” can be. Looking at
the 2015-2018 data set, one infers relatively good agree-
ment with oscillations, while looking at the 2002-2007
data set one infers poor agreement with oscillations. In
fact, these two neutrino data sets and the antineutrino
data set all agree with one another within statistics, as
discussed in Ref. [56] and shown in Fig. 14 (top), despite
the appearance in Fig. 13. One wonders where the sterile
neutrino studies would be today, if the first data set ob-
tained by MiniBooNE had the form of the 2015-2018 data
set. As shown in Fig. 14 (bottom), where the neutrino
and antineutrino data sets are cross compared, and also
compared to two oscillation models, one sees that the
two results from MiniBooNE are internally compatible
although not completely consistent with a 3 + 1 oscilla-
tion model.
Overall, despite the fact that these data have good
fits to νµ → νe oscillations, there is a substantial devia-
tion from an oscillation model in the low energy region
where backgrounds are large. Therefore, one might ask
if some, or all, of the MiniBooNE signal is coming from
background?
The background which peaks at low energy in the Mini-
BooNE data comes mainly from pi0 decays, where one
photon is not detected. In a Cherenkov detector, the
electromagnetic signature of an e+e− pair from a con-
verted photon cannot be distinguished from a single e−,
hence a single photon from a pi0 mimics a signal and is
an important background. The community has noted
that we do not know the cross section for pi0 production
well and have proposed this source of misidentified back-
ground as the probable cause of the entire MiniBooNE
signal.
This view is based on misunderstandings concerning
how MiniBooNE constrains the pi0 mis-id background.
MiniBooNE does not use an ab initio prediction to find
the mis-id rate. Such an estimation would, indeed, have
very large errors and be subject to suspicion. Instead
MiniBooNE uses the rate of measured two-photon pi0
events to constrain the two sources of pi0 mis-id. The
first source, which represents about half of the overall
misidentified events, comes from cases where one photon
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FIG. 12: The MiniBooNE νe event sample in neutrino
mode, combining data taken from 2002-2007 and
2015-2018. The stacked plot indicates the Standard
Model backgrounds (red/brown/yellow –
misidentification backgrounds; green shades–intrinsic
νe).
from the pi0 exits the tank. This is extremely well con-
strained using the observed event rate, since it only de-
pends upon understanding the photon conversion length
in oil. The remaining half of the misidentified events
come from decays of the pi0 with back-to-back photons,
where the decay axis is aligned along the boost direc-
tion for a moving pi0. This can lead to an energetic
forward photon and a weak backward photon. If the
weak backward photon is missed by the reconstruction,
then this will be a misidentified event. The probability
that this will happen is dependent upon the momentum
of the pi0, which is measured well using the large sam-
ple of reconstructed pi0 events where the two photons
are reconstructed. This allows MiniBooNE to correct
the production in the simulation as a function of mo-
mentum, leading to a well-constrained prediction for the
mis-id background. Fig. 15 shows that, after the simu-
lated events are re-weighted according to the measured
pi0 momentum, the simulation agrees well with data in
other kinematic variables associated with the pi0’s.[78].
MiniBooNE was designed so that the uncertainties in
the rates of other backgrounds were also constrained by
measurements within the detector. For example, the νµ
events are used to constrain the flux of intrinsic νe back-
grounds from pi and K decays in the beamline using a
method developed for MiniBooNE that is also being used
in the MicroBooNE analysis. The method also reduces
systematic uncertainties associated with the cross section
uncertainties but does rely on the assumption that there
is not any sizable νµ disappearance, which can be shown
from other measurements.
In order to understand this νµ constraint on the intrin-
sic νe’s, consider the pi decay chain as an example. This
is pi+ → µ+νµ followed by µ+ → e+νeν¯µ. The first decay
is two-body. This means that, at rest, the muon and the
neutrino exit the decay with equal momentum and fixed
kinetic energy. The energy of the muon and the neutrino
in the laboratory frame depends upon the magnitude of
the boost and the angle of the particle production with
respect to the boost. The kinematics leads to a maximum
energy that the νµ can carry, which is 43% of the pion
energy. To calculate this expectation, use γ = Elabpi /mpi;
β = plabpi /E
lab
pi ; θ, the angle with respect to the boost in
the lab frame; and Ecmν = (m
2
pi −m2µ)/(2mpi). Then one
can derive:
Elabν = γE
cm
ν (1 + β cos θ) (25)
= 0.215Elabpi (1 + β cos θ), (26)
which, for θ = 0, reduces to Elabν max = 0.43E
lab
pi . This
is the maximum energy, but the νµ associated with a
given pion energy tend to be tightly peaked close to the
maximum since the MiniBooNE detector subtends a very
small angle, 11 mr. This is shown in Fig. 16, which shows
the νµ energy distribution for three bins in parent pion
energy in blue. Thus, the measured νµ energy spectrum
constrains the Elabpi distribution, which produces it. The
muons from the pion decay also have an energy distri-
bution that is tightly correlated with the Elabpi spectrum,
although the subsequent three-body decay smears this
correlation for the νe. With that said, this three-body
decay is well understood, and so while the distributions
for νe for a given pion grand-parent, shown in blue in
Fig. 16, are wide, they are well-predicted since the Elabpi
spectrum has been effectively measured. Using these con-
nections, one can use the measured νµ events to strongly
constrain the intrinsic νe events.
Overall, the MiniBooNE analysis is a good example of
how oscillation experiments should exploit in-situ mea-
surements to cross-check backgrounds and reduce sys-
tematic uncertainties.
V. TECHNIQUES OF GLOBAL FITS
The experimental results discussed previously paint a
disparate picture of the sterile neutrino landscape. If we
are to make sense of the available data, they must be
combined into a single analysis that considers all results
simultaneously: a global fit. Given a model hypothesis,
a global fit computes the likelihood for each experiment
and combines them into a global likelihood.
Where experimental results agree, the global likelihood
will be reinforced. This reinforcement reduces the uncer-
tainty on the model parameters, leading to tighter con-
straints. In comparison, consider a case where multiple
experiments see strong signals in different regions of pa-
rameter space. Each experiment penalizes the others,
creating a global likelihood that is highly penalized ev-
erywhere.
22
FIG. 13: The MiniBooNE excess, after background subtraction, in neutrino mode. The 2002-2007 and 2015-18 data
sets are presented separately and compared to the oscillation best fit for each.
A. Interpreting the Fit Results
1. Inference framework
A 3+1 sterile neutrino hypothesis both with and with-
out neutrino decay are considered. The 3 + 1 model has
three parameters that we are sensitive to: the mass split-
ting ∆m241 and the mixing matrix elements |Ue4| and
|Uµ4|. The third mixing matrix element, |Uτ4|, is only
constrained in regions of high mass, which lie outside
our region of interest.
The 3 + 2 model has seven parameters: the three pa-
rameters already mentioned for the 3+1 model, an addi-
tional mass splitting ∆m251, two additional mixing matrix
elements |Ue5| and |Uµ5|, and a CP violating phase φ54.
The 3 + 1 model with ν4 decay has four parameters:
the three parameters already mentioned for the vanilla
3 + 1 model, and an additional decay parameter τ , the
lifetime.
Each of these hypotheses are compared to the null hy-
pothesis, which is formed by setting all the mixing matrix
elements to zero. This construction of the null ensures
that it forms a nested model.
Scanning over the entire 3 + 1 with decay parameter
space would require prohibitive computational resources,
and so an adaptive sampling approach is used. A Markov
Chain Monte-Carlo (MCMC) is employed to explore only
those regions of parameter space that contribute the most
to the likelihood. The vanilla 3 + 1 model is also sam-
pled, to ensure consistency of the analysis with the decay
model.
Both frequentist and Bayesian methods are considered.
The MCMC naturally produces samples from the poste-
rior, which can be used to show Bayesian credible regions.
For each sample, a global χ2 is also calculated from the
total of the individual χ2 values from each experiment.
These are used to show frequentist confidence regions.
2. Likelihood function
The Bayesian analysis makes use of a likelihood func-
tion. In this global fit, all experimental data sets are
binned. Thus, for each experiment indexed by ρ, there
is a corresponding prediction function ~Ψρ(~θ) that com-
putes the expected number of counts in each bin given
the model parameters ~θ.
The likelihood function, Lρ(~dρ|~θ), gives the probability
of the measured data, ~dρ, given the model parameters.
When the measured data is in the high statistics regime,
it will be approximately normally distributed, and the
likelihood function can take the form of a normal proba-
bility density function:
lnLρ(~dρ|~θ) = −1
2
[
~dρ − ~Ψρ(θ)
]T
Σρ(θ)
−1
[
~dρ − ~Ψρ(θ)
]
− Nρ
2
ln (2pi)− 1
2
∣∣∣Σρ(~θ)∣∣∣, (27)
where Σρ(θ) is the covariance matrix of experiment ρ,
and Nρ is the number of bins of that experiment.
However, in the low statistics regime, the approxima-
tion is no longer valid. Here, the data is assumed to
be Poisson distributed, and the Poisson probability mass
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FIG. 14: Top: the background subtracted MiniBooNE
excesses in neutrino mode, comparing the 2002-2007
and 2015-2018 data sets. Bottom: the combined
neutrino mode excess compared to antineutrino mode
excess, with two oscillation models for comparison.
function is used for the likelihood:
lnLρ(~dρ|~θ) = −
Nρ∑
i
(
[~Ψρ(θ)]i
−[~dρ]i ln
(
[~Φρ(θ)]i
)
+ ln Γ(1 + [~dρ]i)
)
, (28)
where [~dρ]i and [~Ψρ(θ)]i are the i
th components of the
data vector and prediction function, respectively.
The global likelihood is thus
lnL(~d|~θ) =
∑
ρ
lnL(~dρ|~θ). (29)
The global χ2 is defined as
χ2(θ) =
∑
ρ
χ2ρ(θ). (30)
For high statistics experiments, the χ2 uses the stan-
dard form:
χ2ρ(θ) =
[
~dρ − ~Ψρ(θ)
]T
Σρ(θ)
−1
[
~dρ − ~Ψρ(θ)
]
. (31)
FIG. 15: Four kinematic variables associated with
neutral current pi0’s produced in MiniBooNE. Data:
black points. Black dotted histogram: Monte Carlo
prior to re-weighting. Green histogram: Monte Carlo
events after re-weighting according to the measured pi0
momentum. From Ref. [78].
For low statistics experiments, the standard χ2 is no
longer appropriate. Instead, the saturated Poisson func-
tion is used:
χ2ρ(θ) = −2
(
lnLρ(~dρ|~θ)− lnP (~dρ|~dρ)
)
, (32)
where P (~d|~λ) is the standard multi-dimensional Poisson
distribution with mean ~λ.
3. Bayesian framework
The likelihood function only specifies the probability of
the measured data. In a Bayesian analysis, the interest-
ing quantity is the probability of the model parameters
– called the posterior distribution – which can be found
via Bayes’ rule:
p(~θ|~d) = L(
~d|~θ)pi(~θ)
L(~d)
, (33)
where L(~d) is called the marginal likelihood, and pi(~θ)
is called the prior. As this marginal likelihood typically
requires integrating over all model parameters, it can be
difficult to compute. A Markov Chain Monte-Carlo al-
gorithm – described below – can avoid this complication,
as it draws samples directly from the posterior by com-
paring ratios of probabilities.
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FIG. 16: For the BNB beam, three bins in pion energy are displayed. In each bin, the energy distribution of the νµ
(green) and νe (blue) CCQE events that are related to those pions are shown. The events in each plot are relatively
normalized [79].
In the Bayesian interpretation, the posterior, p(~θ|~d),
carries the information known about ~θ after being up-
dated by – or conditioned on – the observed data. The
justification for this interpretation is provided by the in-
formation theoretic entropy of the conditional distribu-
tion, which is equal to the prior known information of ~θ
plus the mutual information between the observed data
and ~θ. This forms a fundamental theorem of inference; in
contrast, frequentist inference is performed in an ad-hoc
manner without such a foundation. However, in practice,
frequentist methods can provide a calibration of expected
results: if the p-value for the observed data is small, it
may suggest that something unexpected – and interesting
– is happening and warrants further study. Thus, both
Bayesian inference and frequentist methods should be ap-
plied to a model fitting problem, as they provide comple-
mentary information about the model and the data.
The prior encodes any previously known information
on the model parameters. When no such information is
present – for example in a global fit where all available
data is being analyzed – a choice of prior must be made.
Typically, a wide, high entropy distribution is chosen as
the broad range of accepted values reflects our relative
ignorance of where the true model parameters lie.
For bounded parameters, uniform, or wide exponential
or wide normal distributions are a common choice. For
unbounded parameters, uniform distributions cannot be
used as the distribution cannot be normalized. In this
case, a common replacement is a distribution that is uni-
form inside a certain finite range and exactly zero outside
of that range.
In this parameterization, the mass splitting is un-
bounded by above. The prior on the mass splittings was
chosen to be a log-uniform distribution in the range of
10−2 eV2 to 102 eV2. The decision to use logarithmic
coordinates was based on the observation of the funda-
mental particle masses: they tend to be distributed more
uniformly in log-space, compared to linear-space. The
choice of uniform prior was motivated by the need for
a hard cut-off at high mass splittings, as the computa-
tion time of the likelihood increases with the frequency of
the oscillation waves. Without this requirement, a softer
cut-off such as an exponential-family distribution could
be appropriate. The prior on the matrix elements was
chosen to also be a log-uniform distribution in the range
of 10−2 to 1. The choice follows the presentation of re-
sults in logarithmic axes. In principle, a soft cut-off at
low U could be imposed with an exponential prior – cor-
responding to a uniform prior in linear-space – but was
not explored for this review. Finally, the CP-violating
phase prior was chosen to be uniform in angle.
Results are most often presented as either a heat-map
or histogram of the posterior, or using credible regions.
Credible regions are similar in nomenclature to confi-
dence regions: a 100α% credible region is defined as a
set C(α) that satisfies∫
C(α)
p(~θ|~d)d~θ = α. (34)
So for a 95% region, α = 0.95.
Further refinement is needed, as multiple choices of C
can satisfy this requirement. For multidimensional dis-
tributions, the Highest Posterior Density (HPD) credible
region is most often used. This is the unique solution
to the requirement that all points in the credible region
have a higher probability density than all points outside
the region.
The HPD region can be codified by selecting a thresh-
old value t(α) which defines the credible region as
C(α) = {~θ : p(~θ|~d) > t(α)}. (35)
Then, t(α) and C(α) are the unique solutions to Eqs. 34
and 35.
4. Model comparison
A frequentist difference of χ2 metric is used to com-
pare the sterile neutrino model to the null hypothesis. A
Bayes factor is another valid choice, but was not used in
this analysis as many experiments included in the global
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fit use pull terms as nuisance parameters. The value
of the χ2 or likelihood function for any given specific
model parameters is defined to be the minimum over the
pull terms. This minimization procedure will affect the
normalization of the likelihood, rendering a meaningless
Bayes factor. To compute the Bayes factor correctly, the
pull terms must be promoted to full parameters of the
MCMC so that they may be properly marginalized; how-
ever, this was considered outside the scope of the current
analysis.
A likelihood ratio style model comparison can be per-
formed using a difference between the best-fit χ2 of the
model in question, and the χ2 of the null hypothesis:
∆χ2 = χ2null − χ2min. (36)
If χ2null and χ
2
min are χ
2-distributed, then ∆χ2 will also
be χ2-distributed. The number of degrees of freedom is
equal to the number of parameters in the model that are
not present in the null hypothesis. It should be noted
that when fitting appearance only data in a 3 + 1 model,
the effective number of parameters is only 2, not 3. In this
case, the |Ue4| and |Uµ4| terms are multiplied together,
forming a single free parameter.
The 100(1−α)% confidence region can then be defined
in terms of this ∆χ2 metric. Here, the model compari-
son metric is defined to be between the best-fit and any
location in model space. The confidence region R(α) is
defined as the set of points that do not deviate from the
best-fit by more than α significance:
R(α) = {~θ : χ2(~θ)− χ2min < CDF−1χ2 (k, 1− α)}, (37)
where CDF−1χ2 is the inverse cumulative distribution func-
tion for a χ2 distribution with k degrees of freedom, and
k is the number of effective model parameters.
When the number of model parameters is larger than
two, effective presentation of the confidence regions can
be difficult. One approach is to reduce the dimension-
ality of the parameter space by profiling the χ2. For
presentation in a two dimensional graphic, two model
parameters - here denoted by ~φ - are chosen. The χ2 is
then minimized over the remaining model parameters –
here denoted by ~ψ:
χˆ2(~φ) = min
~ψ
χ2(~φ, ~ψ). (38)
A two dimensional confidence region can be drawn using
χˆ2, with two degrees of freedom, as all degrees of freedom
but two were removed from the χ2 by the minimization
procedure.
B. Markov Chain Monte-Carlo implementation
The Markov Chain Monte-Carlo algorithm is designed
to efficiently draw samples from a probability distribu-
tion. The Markov chain is defined as a history of samples
already drawn by the algorithm, with the current sample
at the head. A proposal is then drawn from a proposal
distribution, which can be a function of the current sam-
ple only. A common – if inefficient – choice of proposal
distribution is a normal distribution centered on the cur-
rent sample. The probability of this proposal – defined
by the likelihood and prior in our case – is then compared
to the probability of the current sample. The proposal is
accepted as the new head of the chain with probability
αaccept = min
(
1,
L(~d|~θ′)pi(~θ′)p(~θ′ → ~θ)
L(~d|~θ)pi(~θ)p(~θ → ~θ′)
)
, (39)
where pi(~θ) is the prior, and p(~θ → ~θ′) is the probability
of proposing a move from ~θ to ~θ′. Thus, the algorithm
always accepts new samples that have a higher proba-
bility, and has a chance of accepting samples with lower
probability, thus exploring the parameter space of the
distribution.
The parallel tempering affine invariant algorithm [80]
was used to generate proposals for the MCMC. This algo-
rithm maintains an ensemble of chains, called “walkers”.
New samples are proposed for each walker by randomly
selecting another walker from within the ensemble and
moving toward or away from it based on their mutual
distance. In this way, proposals automatically scale to
match the current estimate of the posterior distribution.
At iteration i, chain γ has a chain head ~θγi . An affine
invariant proposal [81] is then made by first drawing a
random chain κ 6= γ, with chain head ~θκi . Then, the
proposal is defined by
~θγ′i = ~θ
κ
i + z(
~θαi − ~θκi ), (40)
where z is randomly sampled from the distribution
h(z) ∝
{
1√
z
1
a ≤ z ≤ a
0 otherwise
, (41)
and a is a tunable parameter that is typically set to 2.
This proposal is then accepted with probability
αaccept = min
(
1, zN−1
L(~d|~θγ′i )pi(~θγ′i )
L(~d|~θγi )pi(~θγi )
)
. (42)
This ensemble of walkers is then organized into a super-
ensemble, in which each ensemble operates at a different
temperature. The temperature parameter, T , modifies
the likelihood surface to increase the probability of ac-
cepting proposals:
L(~d|~θ)pi(~θ)→ exp
[
− 1
T
E(~θ)
]
, (43)
where the energy, E, is defined as
E(~θ) = − ln
[
L(~d|~θ)pi(~θ)
]
. (44)
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This can also be specified in terms of the inverse temper-
ature parameter β = 1/T .
After each affine invariant proposal and update step, a
parallel tempering update [82] occurs with a probability
of 10%. This update – called replica exchange – ran-
domly selects a pair of walkers, ~θγ and ~θκ, that belong
to two different temperatures — βk and βj respectively.
The walker then swap positions in parameter space with
probability
αexch = min
(
1, exp
[
(βk − βl)(E(~θγ)− E(~θκ))
])
. (45)
C. Presentation of results
The result of the MCMC is a set of samples from the
posterior, S, along with their associated χ2 values. Con-
fidence regions are drawn by first selecting the subset of
samples whose χ2 values are less than the critical thresh-
old set by the inverse cumulative distribution function in
Eq. 37:
Rˆ(α) = {~θ ∈ S : χ2(~θ)− χˆ2min < CDF−1χ2 (k, 1− α)},
(46)
where χˆ2min is the smallest χ
2 in S. This subset is then
projected into the two dimensional subspace for the de-
sired coordinates, and then plotted. The plotting is per-
formed in ascending order of α, such that the smaller
regions with high α overlay the larger regions with low
α.
An estimate of the posterior must be made to correctly
show credible regions in a lower dimensional parameter
subspace. This can be done by either histogramming the
samples in this subspace, or using kernel density estima-
tion. Once this estimate has been generated, Eqs. 34 and
35 can be applied to find the region. For the results pre-
sented in this study, the credible regions were generated
with the corner.py library [83].
D. Test statistic distributions for ratios
Even though it has been a standard technique to use
the ratio of near-to-far experiments to search for ster-
ile neutrinos, recently reactor neutrino experiments have
extended this technique to avoid dependence on the abso-
lute flux normalization and only rely on the shape differ-
ence between near and far. In this section, we introduce
the ratio test-statistic used and outline its properties.
Consider a detector in two positions or two detectors
in two positions. They both measure the distribution of
neutrino events in the same set of energy bins. Label the
counts in the i-th energy bin as Ni for the first detec-
tor and the counts in the same energy bin in the second
detector N˜i. We will further assume that the number of
expected events per bin is well-described by a normal dis-
tribution with parameters µi and σi for the first detector
and similarly tilde parameters for the second detector.
The ratio test statistic is given by
Ri =
Ni
N˜i
. (47)
This distribution can be used to search for shape and
normalization effects. More over, one can show that this
variable can be approximated, under appropriate condi-
tions, as a normal distribution [84]. In the case of reactor
neutrinos the flux normalization is not well understood;
for this reason a new test statistic has been introduced
that is agnostic to the observed rate. This test statistics
is the normalized-ratio
NRi =
Ni∑
j Nj
∑
j N˜j
N˜i
, (48)
which is the ratio of the shapes normalized to the ob-
served events counts in each of the detectors. Since NRi
depends on the total number of events across all energy
bins per detector, this implies that the NRi are corre-
lated among each other unlike the case of Ri.
In the large sample size this variable is well-described
by a multidimensional log-normal distribution, with a co-
variance matrix that is given by
ΣNR = JΣN,N˜J
T , (49)
where ΣN,N˜ = diag(σ
2
1 , ..., σ
2
Ne
, σ˜21 , ..., σ˜
2
Ne
), Ne is the
number of energy bins, σi and σ˜i the standard deviations
of the normal distributions in the near and far detectors
respectively, and J the Jacobian matrix of the function
~NR( ~N, ~˜N). This results in the following covariance
(ΣNR)ij =
Ne∑
k
(
δik
µi
− 1
µT
)(
δjk
µj
− 1
µT
)
σ2k
+
(
δik
µ˜i
− 1
µ˜T
)(
δjk
µ˜j
− 1
µ˜T
)
σ˜2k, (50)
where µT =
∑Ne
i µi and similarly for the µ˜T with µ˜i
instead of µi. If we assume the σ
2
i = µi and similarly for
the tilde terms, this simplifies to
(ΣNR)ij =
δij
µi
− 1
µT
+
δij
µ˜i
− 1
µ˜T
. (51)
E. Closed form prediction function
Many experiments use isotropic neutrino sources,
which admit closed-form expressions for the predicted
number of neutrino events in a bin. For 3+1 and 3+2,
the prediction functions have the general form:
Ψ ∝ P (να → νβ)
L2
. (52)
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Integrating this expression in length yields a closed-form
solution using exponential integrals, for which approxi-
mations can be found in many numerical libraries. In
the case of a decay model, the prediction function has an
additional exponential term:
Ψ ∝ e−L/L0 P (να → νβ)
L2
. (53)
A closed-form solution for the integral of this expression
in length is also available in term of complex exponential
integral functions. Although the complex form of these
functions are not common in numerical libraries, approx-
imation algorithms exist. The algorithm of Ref. [85] was
used for this study.
VI. MODELS AND GLOBAL FIT RESULTS
A. 3+1 Model
In a 3+1 model, we fit for three parameters, |Ue4|,
|Uµ4|, and ∆m41, as introduced in Eqs. 12, 13, and 14.
1. Frequentist method
Figure 17 shows the confidence regions for the frequen-
tist fits to the 3+1 model. These are fits to all experi-
ments described in Sec. IV D. The figures show ∆m241
as function of the mixing angles where the three plots
correspond to sin2 2θµe, sin
2 2θee, and sin
2 2θµµ. Thus,
these correspond to predictions for future searches in ap-
pearance, νe disappearance, and νµ disappearance, re-
spectively. As a reminder, the connections between these
mixing angles and the matrix parameters |Uµ4| and |Ue4|
are given in Table III. The regions for the 99%, 95%, and
90% are shown in blue, green, and red, respectively. The
inclusion of new experiments, particularly the reactor ex-
periments, has diminished the likely parameter space for
a sterile neutrino from past global fits [29, 30], leaving
only one allowed “island.”
The best fit parameters for the 3+1 model, shown
in Table IV, correspond to ∆m241 = 1.32 eV
2 and
sin2(2θµe) = 0.001. Compared with our previous result
[30], the best fit point has shifted to a slightly lower value
in both sin2(2θµe) and ∆m
2
41.
The quality of the fits are presented in Table V. In our
global fit to the 509 (L,E) bins from all experiments,
the 3+1 model has a χ2 of 458, while the null model has
a χ2 of 493. Thus, each case has an excellent χ2/dof .
But this occurs because most of (L,E) bins in the fit
are not in regions that are sensitive to sterile oscillations.
In order to isolate the χ2 contribution to the bins with
FIG. 17: Frequentist Confidence Regions for a 3+1
global fit, showing the 99%, 95%, and 90% confidence
levels in blue, green, and red, respectively. Top:
sin2 2θµe vs. ∆m
2
41; Middle: sin
2 2θee vs. ∆m
2
41;
Bottom: sin2 2θµµ vs. ∆m
2
41.
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Global fit |Ue4| |Uµ4| |Ue5| |Uµ5| φ54 (rad) ∆m241 (eV)2 ∆m254 (eV)2 τ (eV)−1
3 + 1 0.116 0.135 - - - 1.32 - -
3 + 2 0.106 0.082 0.252 0.060 0.009 1.32 12.6 -
3 + 1 + Decay 0.428 0.180 - - - 0.211 - 1.96
TABLE IV: A summary of the best fit parameters found for each model involving sterile neutrinos.
Fit type: 3ν (null) 3+1 3+2 3+1+decay
Best Fits
χ2 493 458 449 450
dof 509 506 502 505
p-value 0.687 0.938 0.957 0.962
(Null vs Sterile)
∆χ2 35 44 43
∆dof 3 7 4
p-value 1.2E-07 2.1E-07 1.0E-08
Nσ 5.2 5.1 5.6
(3+1 vs Other)
∆χ2 9 8
∆dof 4 1
p-value 0.0611 0.0047
Nσ 1.5 2.6
(PG Test)
χ2app 77 69 77
Napp 2 5 3
χ2dis 356 350 356
Ndis 3 6 4
χ2glob 458 449 450
Nglob 3 7 4
χ2PG 25 30 17
NPG 2 4 3
p-value 3.7E-06 4.9E-06 7.1E-04
Nσ 4.5 4.4 3.2
TABLE V: A summary of the quality of the fits. Columns correspond to the four types of fits. Top section: Best fit
results for each model; Second section: Comparison of quality of null to each fit including sterile neutrinos; Third
section: Comparison of 3+1 to the extended models; Bottom section: PG test results for each model, where Eqs. 22
and 23 explain how χ2PG and NPG are determined.
sensitivity, we must use the ∆χ2 as described in Eq. 36
to compare the 3+1 and null models. The ∆χ2 is found
to be 35 with the inclusion of 3 new degrees of freedom–
a very strong improvement in the data, which indicates
that the 3+1 model is favored over the null model by over
5σ. While this does not prove the existence of sterile
neutrinos, it indicates that the data strongly prefers a
sterile-like signal over the null hypothesis.
On the other hand, the 3+1 model has shown tension
between the data sets. If one separates appearance ex-
periments (sensitive to the product |Uµ4||Ue4|) and disap-
pearance experiments (separately sensitive to |Uµ4| and
|Ue4|), a self-consistent model would be expected to show
overlapping allowed regions in their respective best fits.
It can be seen in Fig. 18 that this is not the case and
separating the data sets results in differing best allowed
regions without any overlap. The PG test introduced in
Sec. III E provides a method for quantifying the tension.
We summarize the inputs to the PG test in Table V. The
p-value for this PG test is 3.7 × 10−6, which indicates
that tension between the appearance and disappearance
data is at the 4.5σ level, if the PG test measure is taken
to be a true probability.
2. Bayesian interpretation
Bayesian credible regions are shown in Fig. 19. These
results also have one main island at ∆m241 ≈ 1.3 eV2
which contains the best fit point. However, substantially
more parameter space is covered in the high ∆m241 re-
gion, with multiple islands at each credible level shown.
It should be stressed that Bayesian and frequentist meth-
ods address two different questions: Bayesian inference
makes statements about probability of model parame-
ters given the observed model, while frequentist methods
make statements about the probability of the data given
the model. Thus, it should be no surprise that the regions
drawn may differ substantially. Indeed, confidence and
credible regions only agree under special circumstances;
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FIG. 18: Frequentist Confidence Intervals for 3+1
global fits to only appearance (above) data sets and
disappearance (below) datasets. These fits demonstrate
the tension that is seen within the 3+1 sterile neutrino
model.
for example, in the asymptotic regime where the likeli-
hood function is a single-moded normal distribution with
flat priors on the model parameters.
Recall that the confidence regions are themselves ran-
dom variables. A 90% confidence region is defined such
that the true model parameters have a 90% probability
of being covered by a randomly realized 90% confidence
region. By construction, this requirement is only met on
average. No guarantees are made for any realization of
the region1. The alternative definition shown in equa-
1 It is possible for a 90% confidence region to contain the entire
parameter space, or for it to be the empty set. These extremes
are not possible for a 90% credible region.
FIG. 19: Bayesian Credible Regions for a 3+1 global fit,
showing the 99%, 90%, and 68% Highest Posterior
Density regions in blue, red, and black respectively. The
maximum likelihood point is highlighted by the yellow
star.
tion 37, states that the deviation of the best fit from all
points in the 90% region has a p-value of less than 10%.
That is to say, over repeated observations there will be a
10% chance or less that a statistical fluctuation will cause
the ∆χ2 to increase beyond the critical value, causing the
point to be drawn outside that particular realization of
the 90% region. From this, we can begin to untangle
the difference between Fig. 17 and Fig. 19. The presence
of only one island in the confidence region suggest that
there is only one “stable” island, in the sense that for
any random realisation of the data, this island will lie in
approximately the same area of parameter space. As the
higher ∆m241 islands seen in the credible region are lack-
ing from the confidence region, this suggest that these
islands are not particularly stable to statistical fluctua-
tions. However, this lack of stability should not be used
to discredit these higher ∆m241 solutions
2. Their presence
in the credible regions shows that they still contribute
significantly to the posterior distribution, and thus there
is a high probability that a sterile neutrino may lie at
larger ∆m2.
The observed differences between these methods illus-
trates why one should perform both Bayesian and fre-
quentist analyses of data sets. Each provides different
information about both the data and the model, comple-
2 It should be noted that “allowed region” is common parlance for
closed confidence regions that do not include the null, and this
terminology is used in this article. However, from the definition
of the confidence region – as a statement about the probability of
data – one cannot infer that a point inside or outside a confidence
region is allowed or disallowed by the observed data.
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menting each other, and giving a more complete picture
of the state of sterile neutrinos. To translate this in-
formation into actions, consider the design of a future
experiment. If the experiment will be sensitive to only
a small range of ∆m2, it should aim for the main is-
land at ∆m241 ≈ 1.3, as this is the least likely island to
move around due to statistical fluctuations. However, the
large number of islands in the credible regions suggests
that one should build a broad spectrum experiment if at
all possible, as there is significant chance that a sterile
neutrino will lie in the range of 5 < ∆m241 < 100 eV
2.
As a final concrete example of how credible regions can
differ from confidence regions, consider a likelihood func-
tion with two modes: one of which contains 60% of the
posterior, and the other 40%. Clearly, a 90% credible
region must include both modes by definition; however,
one can adjust the likelihood function to ensure that the
confidence region only includes one mode. This can be
done by making the 40% mode narrower, while main-
taining the probability that it contains in the posterior.
Such a modification will make the likelihood density at
the center of the mode arbitrarily large, and once Wilks’
theorem is applied, the confidence region will shrink un-
til it covers only the 40% mode—despite the fact that it
contains less posterior probability than the 60% mode.
Although this construction is artificial, it describes how
these differences in credible and confidence regions can
be inevitable under common conditions.
3. Summary of where we stand on 3+1
One should be thoughtful when considering specific
global fit 3+1 allowed regions, because these will depend
on exactly what question is asked, as demonstrated by
our Bayesean versus frequentist comparison. However,
we regard the ∆χ2/∆dof and the PG test as fair meth-
ods for quantifying the frequentist results. Our conclu-
sion on the 3+1 model is that, although the 3+1 model is
favored over the null model at about 5σ, there is a clear
problem of internal consistency at the 4.5σ level. This
leads us to consider other models that go beyond 3+1.
B. 3+2 Model
If one thinks beyond a 3+1 model, an obvious ques-
tion is: what if there are additional mostly-sterile states?
In this section we consider the case of adding a second
mostly-sterile state, ν5, in what is called a 3+2 model.
This model will have two large mass splittings, ∆m254
and ∆m241. An additional row and column appear in
the mixing matrix. Because there are two mass split-
tings of similar magnitude, appearance experiments will
be sensitive in this model to a CP -violating parame-
ter, φ54 = arg(Ue5U
∗
µ5U
∗
e4Uµ4) . Therefore, there are
seven parameters introduced in a 3+2 model: ∆m241,
∆m251, |Uµ4|, |Ue4|, |Uµ5|, |Ue5|, and φ54. Note that
∆m254 = ∆m
2
51 −∆m241.
If we define ∆ij = ∆m
2
ijL/E, then the appearance
oscillation probability is given by:
P (να → νβ) ' −4|Uα5||Uβ5||Uα4||Uβ4| cosφ54 sin2(1.27∆54)
+4(|Uα4||Uβ4|+ |Uα5||Uβ5| cosφ54)|Uα4||Uβ4| sin2(1.27∆41)
+4(|Uα4||Uβ4| cosφ54 + |Uα5||Uβ5|)|Uα5||Uβ5| sin2(1.27∆51)
+2|Uβ5||Uα5||Uβ4||Uα4| sinφ54 sin(2.53∆54)
+2(|Uα5||Uβ5| sinφ54)|Uα4||Uβ4| sin(2.53∆41)
+2(−|Uα4||Uβ4| sinφ54)|Uα5||Uβ5| sin(2.53∆51) . (54)
Note that if ν is replaced by ν¯,then φ→ −φ, so the inter-
ference term changes sign. Thus, unlike the 3+1 model,
neutrino and antineutrino data must be considered sep-
arately in a 3+2 fit.
Disappearance in a 3+2 model is given by:
P (να → να) ' 1− 4|Uα4|2|Uα5|2 sin2(1.27∆54)
−4(1− |Uα4|2 − |Uα5|2)(|Uα4|2 sin2(1.27∆41)
+|Uα5|2 sin2(1.27∆51)) . (55)
We present the parameters of the 3+2 fit in Table IV.
The first splitting is found at ∆m241 = 1.32 eV
2, which
is the same as the 3+1 case. This low value of ∆m2 fits
the overall shape well. The best fit of the second mass
splitting is at ∆m254 = 12.6 eV
2, but is at a very shallow
minimum of the χ2 distribution that extends across a
wide range of higher ∆m2 values as seen in Fig. 20. Since
this is a relatively large value of ∆m2, this is in a regime
where the oscillation signal would vary rapidly for most
experiments and average out to a small constant offset.
The best fit χ2 for 3+2 is 449, thus, compared to the
3+1 model, ∆χ2 = 9 for 4 additional parameters, which
has a 6% random probability and indicates about a 1.5σ
improvement for the 3+2 versus the 3+1 fits.
In this 3+2 model, one can also quantify the ten-
sion between appearance and disappearance using the
PG test. The parameters for this appear in Table V,
and, in summary, χ2PG = 30 with the degrees of freedom,
NPG = 4, so the p-value for this PG test is 4.9 × 10−6.
This indicates that the tension is at the 4.4σ level, which
is a very small improvement from the 4.5σ value for the
3+1 model.
Our conclusion on the 3+2 model is that there is no
compelling improvement beyond the 3+1 model. One
could argue that, if nature follows patterns, a 3+3 model
is more likely than a 3+2 model. But the minimal im-
provement with the 3+2 case does not encourage us to
proceed in this direction. Instead, we look to other pos-
sible improvements to the 3+1 model which could relieve
the internal tension.
C. 3+1+Decay
One alternative model we will consider is the 3+1+De-
cay model, where we allow the fourth neutrino mass state
to decay. This is a more economical model, in that it will
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FIG. 20: 3+2 fit allowed regions for the two mass
splittings.
introduce only one new parameter beyond the 3+1 case,
the lifetime of the ν4.
In the Standard Model, stable particles must be pro-
tected by a symmetry; without this a particle will de-
cay. Therefore, in principle, neutrinos can decay. In the
Standard Model extended to include neutrino mass, the
neutrino can decay. The lifetimes of the neutrinos are
very long [86, 87]
νi → νj + γ ⇒ τ ' 1036(mi/eV )−5yr, (56)
νi → νj + γ + γ ⇒ τ ' 1067(mi/eV )−9yr, (57)
where i corresponds to the more massive neutrino mass
state and j a lighter one.
If a fourth neutrino state exists, it may decay. In that
case, the short baseline neutrino experiments may be see-
ing a combination of 3+1 oscillations and decay. This
idea was first suggested as an explanation of LSND in
Ref. [88]. Later, this model was considered in the context
of the IceCube experiment [89]. The general Lagrangian
that governs neutrino decay can be written as [88]:
L = −
∑
l,h
ghlνlLνhRφ+ h.c., (58)
where the index l runs over the light neutrino mass states
and h over the heavy states. In the case of a 3+1 model,
l = 1, 2, 3 and h = 4. The coupling constants ghl are,
in general, complex, and control the partial decay width
from parent h to daughter l. The index L and R refer
to the chirality of the field. This is relevant since, in
the SM, electroweak interactions couple only left-handed
neutrinos and right-handed antineutrinos. In relativis-
tic scenarios–which is the case of neutrino experiments
discussed in this review–the helicity and chirality are ap-
proximately the same up to order m/E. Thus, to this
order, we can identify helicity states as neutrinos or an-
tineutrino states. This implies that the Lagrangian in
ν4 ig4j
νj
φ
ν4 ig4j
ψ
φ
FIG. 21: Left: Feynman diagram of visible neutrino
decay. Right: Feynman diagram of invisible neutrino
decay.
Eq. 58 allows for chirality-preserving, ν4 → ν¯l + φ, and
chirality-flipping, ν4 → νl + φ, processes. For relativistic
neutrinos the partial widths for the helicity-preserving
and helicity-flipping channels in the lab frame are given
by [90]:
Γ4l =
|g4l|2m24
32piEn4
, (59)
with the total width given by Γ4 = 2
∑
l Γ4l [88, 90].
In the case of Dirac neutrinos, the decay products of
the helicity-flipping channels are invisible, since right-
handed neutrinos and left-handed antineutrinos do not
participate in SM interactions.
We explore the possibility that the fourth neutrino
state decays by one of two cases shown in Fig. 21. In
the first case (left), the decay produces an active neu-
trino plus a beyond standard model particle, and hence
is called “visible.” In the second case (right), the decay
produces two beyond standard model particles through a
new force (sometimes called a “secret force”), and hence
is “invisible.” While both cases were explored for Ice-
Cube, in this study we will consider only the invisible
decay, which has the property of reducing tension within
cosmological models that involve sterile neutrinos, as dis-
cussed in Sec. VIII D.
In the 3+1+Decay analysis, the additional parameter
included in our fits is the lifetime τ4 = 1/Γ4, measured
in the ν4 rest frame. Experiments would only be directly
sensitive to the lifetime in the lab frame, so it is necessary
to know the mass of ν4 to transform to the lifetime in the
ν4 rest frame. We account for this by taking the approx-
imation that m4 ≈
√
∆m241. It is apparent from (59)
that the maximum width of a particle – respectively its
shortest lifetime – is bounded by the particle mass and
maximum allowed coupling. To stay in the perturbative
regime and satisfy unitarity constraints, we only consider
couplings such that g < 4pi, which leads to the condition
τ ≥ τmin(m4) = pi/m4 with ~ = c = 1. We use a the
prior on the neutrino decay lifetime that is log-uniform in
the range of τmin(m4) to 10
2 eV−1. We implement this
by using a log-uniform prior from 10−2 eV−1 to 102 eV−1
and then restricting ourselves to the allowed parameter
space. Note that interplay between decay and oscillations
is relevant when τ4/m4 ∼ 1/m24, a condition that is more
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readily satisfied for smaller lifetimes. A log-uniform prior
biases towards this scenario more than a linear prior.
In Fig. 22, we show the results of the these fits. We
display the allowed regions for lifetimes in the range
−2.0 < log10(τ eV−1) < 0.4. The plot shows how the
best fit contours change as we decrease the lifetime of
the ν4 state.
The best fit points are reported in Table IV. The best
fit mixing and mass splitting are found to be very dif-
ferent than 3+1, with sin2(2θµe) = 0.024 and ∆m
2
41 =
0.211 eV2, and a lifetime of τ = 1.96 eV−1. The χ2 = 450
corresponds to an improvement over the null of 43. Com-
paring the χ2 for the 3+1+Decay model to the χ2 for
the 3+1 model leads to an improvement in the fit with
a ∆χ2 = 8 for only 1 additional parameter and indicates
about a 2.6σ improvement over the 3+1 only model.
This model alleviates some of the tension seen between
appearance and disappearance experiments, as seen in
Table V. Figure 23 compares the appearance and dis-
appearance data sets as a function of τ . Here, we plot
only the 95% CL contours, with the appearance data
set in red and the disappearance in blue. From these
plots, one sees that inclusion of ν4 decay improves, but
fails to fully relieve, the tension between the separate
data sets. In Fig. 23, upper right, overlap in sin2 2θµe
occurs, but not in ∆m241, and in the lower right plot,
overlap in ∆m241 occurs, but not in sin
2 2θµe. There is
no solution where there is overlap in both parameters.
Measuring the tension using the PG test, one finds that
when appearance and disappearance are fit separately,
they prefer very long lifetimes (no decay). Thus, as with
the 3+1 fit, the best-fit χ2’s for the 3+1+Decay are 77
and 356 for appearance and disappearance respectively.
However, because including decay relieves some tension,
the global fit improves by 8 units of χ2 compared to the
3+1 best fit, so that the χ2PG = 17. The decay param-
eter adds a degree of freedom to each of the fits so that
NPG = 3. Thus, the p-value for the PG test for 3+1+De-
cay is 7.07×10−4, which indicates the tension is reduced
to the 3.2σ level.
In conclusion, introducing decay has yielded a 2.6σ im-
provement in the fit χ2 and about a factor of 200 increase
in the PG-fit p-value compared to a 3+1 model. While
the tension probability still remains high, this indicates
an interesting new direction for exploring the source of
the appearance/disappearance incompatibility. The next
step is to study visible decay, i.e. decays to active neu-
trinos, as opposed to invisible decays. This scenario re-
plenishes the flux in disappearance experiments, as was
shown in the IceCube study [89] and, thus, is likely to
relieve the tension further.
We end our exploration of improvements to the 3+1
model here. We simply note that it would not be sur-
prising that a model as simple as 3+1 needs some im-
provement, and that further development of ideas by the
theory community is warranted.
VII. WHAT CAN POSSIBLY GO WRONG?
While global fits can provide general guidance, there
are a number of issues that can bias the results and, po-
tentially, contribute to the tension. In this section we
examine some of the features of the data that may con-
tribute uncertainty to the global fit results. Ideally these
uncertainties would be quantified, but at present it is not
clear how this may be performed. Therefore, we simply
present a qualitative discussion of things that can, pos-
sibly, go wrong.
A. The Difficulty of Exactly Reproducing
Experimental Results
1. Insufficient Data Releases
Each experiment’s implementation in our analysis has
two main components: simulating the physics of the ex-
periment, and finding the statistical significance of the
data given the hypothesis. To be able to implement these
components, we rely on collaborations to release the per-
tinent information.
For the former point, simulation of the physics of a
particular experiment is necessary to be able to change
the predicted observation as a function of the neutrino
model. To create a minimally acceptable simulation, we
ask collaborations to provide expectation of the neutrino
flux and a detector response function or matrix that gives
the distribution of observed prompt energy in a detector
as a function of real neutrino energy.
Regarding the implementation of systematic and sta-
tistical uncertainties into the global fits, we find that
experiments are especially lacking in providing the nec-
essary information. Most experiments simply release a
data plot that includes the square root of the diagonal
elements of the covariance matrix. For example, Fig. 24
shows how NEOS released their data [61]. If one were
to only consider the error bars shown in the plot, one
would find a χ2 ≈ 20. This is a large deviation from
their quoted χ2 = 64.0 and demonstrates the need for a
full covariance matrix to be provided. Plenty of hours
are invested in trying to reproduce a covariance matrix
with the limited information provided in experiments’
publications, and these reproduced covariance matrices
are undoubtedly inaccurate.
One might expect that experiments which use a near
and far detector would not suffer the above problem. Sys-
tematic uncertainty would be minimized and one would
only have to worry about the statistical errors in an ex-
periment. This would make the diagonal elements of the
covariance matrix (i.e. the error bars displayed on plots)
enough. Unfortunately, recent reactor experiments nor-
malize the spectra in separate detectors before taking a
ratio. This introduces off diagonal statistical errors to
the covariance matrix, further complicating the picture.
For instance, consider the data release by PROSPECT
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(a) Allowed points for
1.2 < log10(τ4/eV
−1) < 2.0.
(b) Allowed points for
0.4 < log10(τ4/eV
−1) < 1.2.
(c) Allowed points for
−0.4 < log10(τ4/eV−1) < 0.4.
FIG. 22: Frequentist confidence intervals for the 3+1+Decay global fit. The different frames show the contours as
the lifetime of the ν4 state decreases.
(a) Allowed points for
1.2 < log10(τ4/eV
−1) < 2.0.
(b) Allowed points for
0.4 < log10(τ4/eV
−1) < 1.2.
(c) Allowed points for
−0.4 < log10(τ4/eV−1) < 0.4.
FIG. 23: Frequentist confidence intervals for the 3+1+Decay global fit, with appearance experiments in red and
disappearance in blue. The contours are each drawn at a confidence level of 95%. The different frames show the
contours as the lifetime of the ν4 state decreases. The proximity of appearance and disappearance for
0.4 > log10(τ) > −0.4 indicates decreased tension, as discussed in the text.
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FIG. 24: Ratio of the observed neutrino spectrum at
the NEOS detector over the expected from the Daya
Bay results [61].
[65], displayed in Fig. 25.
If we use only the error bars shown in Fig. 25, then
our 3+1 fits would give us the red allowed region shown
in Fig. 26, left. The blue line, drawn using a χ2 map
provided by PROSPECT [65], shows what the exclusion
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FIG. 25: Ratio of the observed PROSPECT spectrum
over the baseline-integrated spectrum. See [65] for more
detail.
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FIG. 26: Left: Allowed parameter space if one only uses
the error provided by PROSPECT, shown in Fig. 25.
Right: Allowed parameter space after toy studies were
done to recreate an approximate full statistical
covariance matrix in PROSPECT.
line should be if one assumes that the ∆χ2 follows a chi-
squared distribution; one finds substantial disagreement.
To approximate a full statistical covariance matrix, we
used data from PROSPECT’s full spectrum analysis [91]
to simulate several iterations of an oscillation analysis
and recreate a statistical covariance matrix. Using this
reconstructed covariance matrix, we find the allowed re-
gion shown in Fig. 26, right. Clearly there is a significant
improvement.
It should also be noted that these global fits do not take
into account correlations between the experiments, which
can arise due to common systematics. To account for
these correlations, the experiment analyses would need
to present nuisance parameters – also known as pull pa-
rameters – for basic physical values, such as cross sec-
tions. When performing the global fits, these nuisance
parameters would be shared, producing the desired cor-
relations. However, when not provided, the extraction
of these parameters from an already completed analysis
is an impossible task. Thus, they cannot be included in
our present fits. Ideally, future experiments should pub-
lish analyses with these parameters included and exposed
to allow external modification, so that this effect can be
accounted for going forward.
It should be cautioned that it is difficult to guess the
effect that these correlations would have on the presented
results—they can go either way. For example, they may
make the significance of the best fit point weaker, while
simultaneously reducing the tensions in the fits as all
muon disappearance limits can become weaker in a cor-
related fashion.
The authors believe that, for the foreseeable future, no
single experiment will be able to fully resolve the ster-
ile neutrino picture. Several experiments will be neces-
sary to probe the various oscillation modes, and global
fits need to have the necessary information to combine
these results and provide the bigger picture. In order
to conduct our global fits, we rely on collaborations to
be transparent with their analysis and data to properly
implement their results.
FIG. 27: Map of the true critical ∆χ2 needed to
exclude a parameter point at 95%, found using fake
data studies. Data provided by PROSPECT [65]. A
truly χ2 distributed test statistic would have a critical
χ2 for 95% of 6.
2. Assuming χ2 Statistics
In our global fits, the frequentist confidence regions
are drawn assuming that the ∆χ2 statistic is truly χ2
distributed. This assumption is made because it is com-
putationally very expensive to do fake data studies for
all of the experiments. However, the individual exper-
iments have demonstrated that this assumption is not
always true, and so they routinely use fake data studies
to determine the critical ∆χ2 values.
For example, PROSPECT conducted fake data stud-
ies to determine the critical ∆χ2 necessary to exclude
points of parameter space at 95% confidence level. Us-
ing data provided in the supplementary material of [65],
Fig 27 shows what this critical ∆χ2 is found to be across
the parameter space. If one assumes that the ∆χ2 test
statistic was χ2 distributed with 2 degrees of freedom, the
critical ∆χ2 would be uniformly 6.0. Fig 27 shows that
for the majority of the parameter space, and especially
in the region of most interest, the critical ∆χ2 is actu-
ally found to be & 9. In addition, NEOS demonstrates
similar results in their supplementary material for Fig.
[61].
Regions of parameter space will be erroneously ex-
cluded by this underestimation of the critical ∆χ2. The
correct treatment for this issue is numerical estimation
of the distribution of test statistics. At each location in
the model parameter space, fake data experiments are
thrown to build this estimation—a treatment performed
by PROSPECT. Unfortunately, this is too computational
expensive to be conducted for a global fit. Thus, the fits
presented above assume that the ∆χ2 test statistic is
properly distributed.
To estimate an upper bound to the size of this effect
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FIG. 28: 95% confidence interval for 3+1 global fit.
Yellow contour assumes that the ∆χ2 is properly χ2
distribution with 2 degrees of freedom. The purple
contour is drawing the allowed region if we assume that
the critical ∆χ2 is the average of that found by
PROSPECT. We see that the difference in size is only
modest, and negligible in the ∆m241 axis.
on the 3+1 global fits, we perform a comparison where
we use the ∆χ2 test statistic assuming that it is either
properly χ2 distributed or follows PROSPECT’s calcu-
lated critical ∆χ2. The effect is that, in the former case,
points with ∆χ2 > 6 are rejected for a 95% confidence
region, while in the later case a ∆χ2 & 9 is required to re-
ject a point. The two results are shown in Fig. 28 for the
95% confidence region, where yellow corresponds to the
assumption of a χ2 distributed ∆χ2 test statistic, and
purple uses PROSPECT’s measured critical ∆χ2. We
find that even with this conservative inflation of the crit-
ical ∆χ2, the allowed regions expand only modestly, and
almost negligibly in ∆m241.
B. The 5 MeV Excess in the Reactor Flux Can
Affect Oscillation Analyses
In Sec. IV B, we briefly noted that many reactor-based
experiments have observed an excess of events around
an energy of 5 MeV compared to prediction. There are,
however, a set of reactor experiments that do not ob-
serve such an excess. In this section, we look at the
overall trends in reactor experiments. Along with the
reactor experiments used in our global fits, we consider
several others. Four older experiments, ILL [92], Savan-
nah River [93], ROVNO [94], and Goesgen [95], are not
included in our global fits because their limits have been
superseded by more modern experiments. STEREO has
only recently released their data, and so we have not yet
had the opportunity to incorporate their results into the
FIG. 29: Relatively normalized ratios of data to
prediction [41]. Top: Two recent high-statistics
experiments with baseline of L ∼ 10 m, PROSPECT
and STEREO categorized as “No Excess”. Bottom:
Four experiments with baseline > 20 m, NEOS, RENO,
Daya Bay and Double Chooz categorized as “Excess”
[96]. See Table VI for references for data sets.
global fits. We describe their experiment in more detail
in Sec. IX A. However, STEREO has released interesting
results with respect to the 5 MeV excess, so we include
this experiment in our discussion here. We omit one re-
actor experiment, DANSS, as they have provided ratios
of rates between detectors at different positions, but not
an absolute comparison to simulation of the measured
rates.
In Table VI, we compare the measured event rate to
the simulation provided by the experiment to determine
whether the result demonstrates a 5 MeV excess. The ex-
periments are ordered by distance from the reactor core
(column 2). We summarize our findings in column 3 as
“Excess,” which indicates a 5 MeV excess of∼ 10%, while
“No Excess,” indicates an excess of . 5% over the pre-
diction. We illustrate these categories on Fig. 29 which
shows examples of “No Excess” on top and “Excess” on
bottom. In one case, the result is “Unclear” as discussed
below. In column 4, we indicate the type of core, which
may be Highly Enriched Uranium (HEU) in the case of
research reactors, or Low Enriched Uranium (LEU) in the
case of power reactors. We categorize the size of each de-
tector as “< 1 t” of target material, “< 10 t” but > 1 t,
and “> 10 t” in column 5. All detectors are scintillator
based, however each experiment has augmented neutron
capture through interspersing an isotope with high neu-
tron capture cross section in the detector, as indicated in
the “n-capture” column.
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Experiment Average L Observation Core Type Detector Size n-capture Ref.
PROSPECT 8 m No Excess HEU < 10 t Li [91]
ILL 9 m No Excess HEU < 1t He [92]
STEREO 10 m No Excess HEU < 10 t Gd [? ]
Bugey 15, 40, and 90 m No Excess at any position HEU < 10 t Li [60]
ROVNO 18 m Excess LEU < 10 t Gd [94]
Savannah River 18 and 24 m No Excess and Unclear LEU < 1 t Gd [93]
NEOS 24 m Excess LEU < 1 t Gd [61]
Goesgen 38, 46 and 65 m Excess LEU < 1 t He [95]
RENO 294 m Excess LEU > 10 t Gd [43]
Daya Bay 512 and 561 m Excess LEU > 10 t Gd [97]
Double Chooz 1050 m Excess LEU > 10 t Gd [98]
TABLE VI: Short and long baseline experiments that can potentially observe an excess in the Eprompt ∼ 5 MeV
(Epositron ∼ 4 MeV) range in the flux. “No Excess”– agreement with prediction to < 5% in range of interest;
“Excess”–disagreement at ∼ 10%. See text on Savannah River 24 m. H(L)EU – Highly (Low) Enriched Uranium
core. Detectors are constructed of liquid or solid scintillator, interspersed with, or mixed with, elements with a high
neutron capture cross section, as noted in the “n-capture” column.
Overall, most of the experiments fall into two cate-
gories: those at ∼ 10 m show no excess, while those at
& 20 m show an excess. There are two experiments that
deviate from this picture: Savannah River and Bugey.
The Savannah River 18 m data set shows no excess. The
24 m data set shows an excess, but one that does not
have the Gaussian shape seen in the other experiments.
Instead, the deviation monotonically increases from vis-
ible energy of 2 to ∼ 6 MeV, and then jumps above and
below the prediction thereafter. The Bugey 15, 40 and
95 m results show no excess at any of the three positions.
We will set aside these two experiments for the remaining
discussion.
There is a strong correlation between those experi-
ments with excesses and those with low enriched ura-
nium cores (power reactors). This would lead one to sus-
pect that plutonium-burning, which occurs in LEU and
not HEU cores might be the source of the excess. How-
ever, studies of data from RENO [44] and NEOS [99] as
a function of the burn-cycle contradict this conclusion.
The present RENO result indicates the effect is due to
uranium-burning at nearly 3σ.
Other possible explanations include those that are
detector-related. For example, the absence of an ob-
served peak might be somehow related to the small size
of the short-baseline reactor detectors. This, however,
is contradicted by two very small detectors that see the
excess: NEOS and Goesgen. There is also no apparent
pattern in the choice of neutron-capture element inter-
spersed or added.
Can the explanation for the short/long baseline dis-
agreement be that the 5 MeV excess is located at the
position of an oscillation dip for experiments in the ∼ 10
to 15 m range? In order to study this possibility, we use
the measured PROSPECT data [91], and compare it to
a prediction that includes various models of the 5 MeV
excess. To produce this prediction, we modify the Hu-
ber 235U flux [41] by the excess seen in the Daya Bay
measured and unfolded antineutrino spectrum [62]. We
consider three cases where a) there is no excess with re-
spect to the Huber model, b) each fission fuel component
has an equal contribution to the excess and c) the excess
originates entirely from the 235U chain only. For each of
these cases, we modify the Huber model accordingly and
do a fit to the PROSPECT data with either no oscilla-
tions or with a best fit 3 + 1 sterile oscillation model.
The results of these fits are shown in Figure 30. For
cases a), b), and c), the oscillation model reduces the χ2
from 62 to 50, 69 to 58, and 84 to 61 respectively. These
χ2 reductions indicate that there is some oscillatory be-
havior in the data that the fit is picking up both in the
excess regions and also around 2 MeV. For the two excess
cases, b) and c), the best fit values are similar with val-
ues of approximately sin2 2θ = 0.14 and ∆m2 = 0.95 eV2.
Especially in case c), where there is a substantial change
with ∆χ2 = 23, we speculate that there could be a 5 MeV
excess in the PROSPECT data that is being reduced by
a 3 + 1 oscillation effect. According to PROSPECT’s
provided 95% exclusion line [? ], the above point lies
directly on the line.
Our conclusion is that both the existence of the 5 MeV
excess in most longer-baseline data sets, and the lack of
an excess in all data sets at ∼10 m needs to be addressed.
One speculative possibility is that there could be ν¯e dis-
appearance at the energy of the 5 MeV flux excess that
effectively reduces the bump for experiments with ∼10 m
baselines. As more data becomes available, this possibil-
ity should be tested as an explanation for the differences
among the various reactor experiments.
C. True Eν , Reconstructed Eν , and Perils of L/E
Plots
Inverse Beta Decay experiments – such as the reac-
tor experiments and LSND – reconstruct Eν with excel-
lent resolution; however, most CCQE experiments tend
to have resolution on the order of 10%/
√
E, with asym-
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(a) No 5 MeV excess flux model.
(b) An equal 5 MeV excess for all fuel
components.
(c) A 5 MeV excess for 235U only.
FIG. 30: Prospect measured data (black points with error bars) compared to predictions with no oscillation (red
curve) or a best fit 3 + 1 sterile oscillation model (purple curve).
metric, long tails at lower reconstructed energies. The
tails are usually due to nuclear effects that remove visi-
ble energy from the event. These include CC single pion
production, where the pion is absorbed in the nucleus,
leading to the signature of a single lepton and proton.
Hard interactions of the proton within the nuclear en-
vironment – releasing neutrons that are invisible in the
detector – also contribute to this effect. In order to ad-
dress this, experiments with relatively poor energy res-
olution must provide information on the true energy of
simulated reconstructed events. The oscillation signal
prediction must be introduced to the analysis based on
this true neutrino energy.
The oscillation signal must also properly reflect the
length the neutrino travels from production to observa-
tion. This can be an important effect for short-baseline
experiments using decay-in-flight beams.
While this may sound relatively obvious, experiments
have, in the past, made incorrect assessments of their re-
sults due to leaving out these corrections [100]. Quite
often this occurs when experimenters make hasty L/E
plots [101]. For example, the MiniBooNE results will
appear to be highly incompatible with LSND if this cor-
rection is not included. However, if handled properly,
there is reasonable agreement, as seen in Fig. 31.
An important nuclear effect that is the focus of many
recent studies is the case of multi-nucleon interactions.
In this case, the exchange current is interacting with a
pair of nucleons. This will distort the kinematics, since
the target is no longer a single nucleon. This case is not
included in the MiniBooNE covariance matrices because
this was not a recognized problem at the time of the
MiniBooNE first neutrino and antineutrino analyses, and
the second MiniBooNE neutrino analysis uses the exact
same simulation as the first. Indeed, the MiniBooNE
cross section measurements were central to identifying
this possible effect. This could add as much as 20% to the
overall cross section [102]. Additional rate is not an issue
since MiniBooNE constrains the normalization of the νe
prediction with observed νµ interactions, but distortion
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FIG. 31: Comparison of L/E distributions from
MiniBooNE neutrino running, first and second runs
combined, (red); antineutrino running (blue), and
LSND (green). The MiniBooNE 1σ allowed range is
shown in grey. Plot from Ref. [56].
of the kinematics in the range of muon threshold effects
could be an important missing systematic uncertainty in
the global fits [103].
D. “Tension” and a Problem with the PG Test
In Sec. III E, we introduced the primary issue for ster-
ile neutrino studies today, which is referred to as the
“tension” between disappearance and appearance results.
The tension is parameterized using the PG test, Eq. 22.
As we pointed out in Ref. [104], the PG test relies on
the normally-distributed systematic uncertainties. If the
number of degrees of freedom is not NPG (see Eq. 23),
then the probability of χ2PG for NPG is not a valid esti-
mate.
This is very likely to be the scenario we are in to-
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day. This arises in the cases of low statistics, where
Poissonian fluctuations are not properly considered; in
the cases of ratio plots, because the error on the ratio is
not normally-distributed; and in the cases of experiments
dominated by systematic uncertainties, since these are
rarely normally-distributed. This describes the majority
of the experiments to which we are applying the test.
Beyond this, the PG test is testing a scenario where no
experiment has residual backgrounds after background
subtraction. In fact, the PG Test is relatively insensitive
to most types of backgrounds, as we discuss in Ref. [104].
However, there is one case that is highly problematic.
This is the case where a distribution with an underly-
ing signal with parameters (∆m21, θµµ1, θee1, θµe1) fits
well to a signal with a different set of parameters (∆m22,
θµµ2, θee2, θµe2) when an unknown background is added.
This may explain the MiniBooNE case. In principle, this
would not be a major problem for the PG Test if there
were many data sets of equal strength in the appearance
subset. However, in the 1 eV2 region, the MiniBooNE
data set dominates.
E. Is There Enough Scrutiny Given to Limits?
When you set a limit at N% CL, there is a (100 −
N)% chance that it can happen, in principle. So any
given experiment can just get unlucky. That should be
properly accounted for in the global fits, to the level that
the errors are normally-distributed, since limits, as well
as signals, are brought in with associated errors.
However, there are important biases that must be con-
sidered with respect to limits:
• The most-stringent limits are limited by systematic
uncertainties. An analysis is more likely to acci-
dentally neglect to include a systematic effect that
weakens the limit, than include systematic effects
that are inflated.
• Some of the most stringent limits are not coming
from blind analyses. For example, we have seen
the MINOS/MINOS+ limit become rapidly more
stringent from 2014 to 2018 in a non-blind analysis.
While most blind analysis discussions focus on the
question of whether signals can be manufactured,
there is an equal danger of signals being removed.
• Our community simply pays less attention to limits
than anomalies. Mistakes can be made, and if the
mistakes go in the expected direction, then people
accept the limit without much scrutiny.
1. Recent History Suggests Limits Can Go Wrong
Before discussing a case-in-point for these global fits,
it is worth noting that history bears out the observa-
tion that limits can certainly go wrong. One example is
when an signal is observed well within an excluded region
from a limit. A recent example of this comes from a 2-
neutrino double beta decay (2νββ) observation in 136Xe.
In Ref. [105], DAMA liquid xenon sets a limit on the half-
life of 2νββ of T1/2 > 1.0 × 1022 years at 90% CL. This
limit was set in October, 2002. Then, in November, 2005,
Baksan reported that T1/2 > 8.5 × 1021 years at 90%
[106], confirming the DAMA result. In November, 2011,
EXO-200 turned on and measured T1/2 = 2.11 × 1021
years [107]. The bottom line: both of the original limits
were incorrect, which may have happened for any of the
reasons listed in the introduction to this section. There-
fore, this stands as a cautionary tale–it is worthwhile to
question limits as strongly as signals, and to cross check
the limits by more than one experiment.
2. Comment on the MINOS+ 2018 Limit
MINOS/MINOS+ is a two detector experiment. The
near detector is located 1 km from the neutrino target,
and the far detector is located 730 km downstream. The
two detectors are not the same and the near detector in-
tercepts a very different beam than the far detector as the
decay pipe (neutrino source) ends only 317 m upstream
of the near detector. Also, because of this proximity, it is
only partially instrumented, and yet suffers from a very
large dead-time and pile up due to the high beam rate.
These differences, along with the details of the neutrino
flux and interactions, are modeled with Monte Carlo sim-
ulation. The systematic uncertainties associated with
this modeling are captured in a covariance matrix, which
is used to parameterize the neutrino flux, cross section,
and detector uncertainties and their correlations between
energy bins, neutrino processes, and detectors.
In March 2019, MINOS/MINOS+ published a result
for a combined two detector analysis entitled, “Search
for Sterile Neutrinos in MINOS and MINOS+ Using a
Two-Detector Fit”[108]. For this paper they performed a
disappearance analysis using four data sets by separating
out the charged-current νµ events and neutral-current
events for the near and far detector separately. To include
and exploit, the correlations between these four data sets,
MINOS built up a combined covariance matrix for these
four data sets. The search for sterile neutrino oscillations
was then accomplished using a χ2 statistic calculated –
with the use of the combined covariance matrix – for a
given oscillation model against these four data sets.
The results presented for the MINOS/MINOS+ 2019
analysis [108] are surprising. Comparing the previous re-
sults that were shown at Neutrino 2014 to the results
shown at Neutrino 2016 and finally to the latest pub-
lished results, the sin2 θ24 90% C.L. limit at large mass-
squared-differences (∆m2 = 1000 eV2) has improved
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from 0.226 to 0.1 to 0.023 3. From the 2014 to the 2016
result, 50% more data was added for which the energy
spectrum was about ×1.75 higher, but the latest pub-
lished result used the same data as 2016. From these
numbers, it is clearly not possible that these improve-
ments were due to more statistics.
The MINOS+ collaboration states that these improve-
ments are due to the improved analysis method of fitting
to data in the near and far detector directly using the
covariance matrix and adding the neutral-current chan-
nel to the analysis. However, the high ∆m2 limit they
claim violates the relation given in Eq. 5, where the
limit is related to the uncertainty in the predicted to-
tal event rate Nα by sin
2 2θLimit = 2(1.28) ∗ δNα/Nα
for 90% C.L.. To reach the above sin2 θ24 < 0.023 (or
sin2 2θ24 < 0.09), one would need a normalization un-
certainty of δNα/Nα = 3.5%. MINOS has determined
their normalization uncertainty in several ways (see sup-
plement of Ref. [108]) and find that δNα/Nα is about
10%, which would give a sin2 θ24 limit of 0.07 that is
close to the 2016 result. In response to this discrep-
ancy, MINOS+ claims that this type of high ∆m2 limit is
equivalent to a single bin counting analysis that does not
give you the proper limit since breaking up the data into
smaller bins gives added oscillation sensitivity due to the
statistical fluctuations in the many bins. This does not
seem to make sense since statistical fluctuations should
just lead to fluctuations in the limit for a given data set
and not a trend toward better sensitivity. If making finer
energy bins improves the limit, why not go to hundreds
or thousands of bins?
A second issue with the MINOS+ analysis concerns
the assumption that θ14 is zero, which ignores the pos-
sibility of electron-neutrino appearance. In general,
3+1 models have non-zero values for both θ14 and θ24.
Therefore, the analysis should be repeated without us-
ing the neutral-current (NC) data sample, which includes
electron-neutrino charged-current events, and without
assuming that θ14 is zero. The authors claim that the
NC data sample has little effect on the oscillation sensi-
tivity but MINOS sees ∼6% more NC events in the far
detector than the near detector, which could be due to
electron neutrino appearance and/or an unknown sys-
tematic uncertainty.
Since the simple high ∆m2 test failed, the results seem
to be sensitive in an unexpected way to the energy bin-
ning, and NC events may affect the disappearance result,
we feel that more study is required before we can include
this data in our global fits. Therefore, we use the MI-
NOS/MINOS+ 2016 data set.
3 Note that we define θ24 in Table III and that MINOS reports
sin2 θ24, not the more usual sin
2 2θ24.
VIII. RESULTS BEYOND VACUUM
OSCILLATION EXPERIMENTS
Our global fits focus on results from accelerator and
reactor sources that can be interpreted using vacuum os-
cillations. However, there are other methods of sterile
neutrino searches which use signatures beyond vacuum-
oscillations. In this section, we briefly review other ap-
proaches using atmospheric, solar, and astrophysical neu-
trinos. We also touch on the ongoing controversy con-
cerning sterile neutrinos and cosmology.
A. Atmospheric neutrinos
Experiments that make use of atmospheric neutrinos
for the flux have produced limits on sterile neutrinos.
Experiments can set limits through vacuum oscillations
and also matter effect resonances [109, 110]. These reso-
nances can produces a large disappearance signal in TeV-
energy atmospheric neutrinos traversing the Earth’s core
for ∆m2 ∼ 1 eV2.
Atmospheric neutrinos are produced in hadronic show-
ers initiated by high-energy cosmic rays impacting the
Earth’s atmosphere [111]. At high energies, pions and
kaons are long-lived and lose energy before decaying.
Neutrinos from pion, kaon, and muon decay make up
what is called the “conventional atmospheric flux.” In
contrast, charmed mesons and baryons decay before in-
teracting in the atmosphere, resulting in a harder spec-
trum, i.e. with higher energy particle content. Due to
the immediate decay, this is called the “prompt com-
ponent” [112]. The muon-neutrino flux is dominated
by the conventional component up to approximately 10
TeV [113]. This range of the atmospheric neutrino energy
and angular distribution is well-understood. At higher
energies, it becomes a combination of prompt and as-
trophysical neutrino fluxes [114, 115]. These fluxes are
not yet well-constrained, and so we will concentrate on
results using the conventional flux.
Atmospheric neutrinos allow for the most strict con-
straint on |Uµ4| and |Uτ4| combinations for masses less
than ∆m2 < 10 eV2; at higher masses, constraints from
NOMAD [116] are relevant. When the oscillation length
is much smaller than the baseline one has that, in matter,
the muon-neutrino two-flavor disappearance probability
can be expressed as [117]:
Pµµ ' 1− V 2NC |ατµ|2 L2, (60)
where L is the baseline of propagation, VNV is the
neutral current potential in the constant density, and
ατµ =
∑n
i UτiU
∗
µi, where U is the extended PMNS ma-
trix to n-flavors. There is also a constraint by MINOS, by
measuring the rate of neutral current events [118], but the
constraints are significantly weaker. A search of this na-
ture was performed first by SuperKamiokande [119] and
later by IceCube using the DeepCore inner array [120]. A
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recent search has also been performed by the ANTARES
collaboration [121] yielding similar results to the Deep-
Core bounds.
At TeV neutrino energies neutrinos experience reso-
nance conversion between active and sterile neutrino fla-
vor states [109]; see [110] for a recent review of this effect.
For a 3+1 model the resonance happens in antineutri-
nos, which make about 30% of the total rate of events
in the TeV-energy range due to a diminished flux and
cross section. The phenomenology of this effect has been
developed in IceCube in [122, 123]. We summarize the
results of the IceCube analysis [124] using this technique
in Sec. IX C.
These results depends on the standard neutrino matter
potential. It was pointed out in [125] that introduction of
non-standard neutrino interactions can severely modify
the results. Adding non-standard interactions [126] shifts
the maximum transition probability to lie in the region
between the DeepCore and IceCube analysis [127]. These
“secret” neutrino interactions do not need to involve the
active flavors; all of the new interactions can be in the
sterile flavor state [128]. Another way of modifying these
sterile bounds is by making the sterile neutrino decay
length smaller than the flavor transition scale [89].
In the oscillation-averaged regime, for energies above
the resonance behavior, matter enhancement becomes
∆m2-independent and the fit is performed in the |Uµ4|
and |Uτ4| plane. The hint of sterile neutrino observation
that was pointed out in Ref. [117] is in tension with NO-
MAD measurements [116]. Also, as the resonance energy
increases it moves to higher energies where the atmo-
spheric flux is not well modeled. In fact, the unmeasured
charmed contribution is predicted to be approximately
5% at 20 TeV, as has been pointed out in a recent work
studying IceCube public data [129].
Further searches will come from KM3Net-ORCA [130],
as well as INO [131], DUNE-atmospherics [132], and
Hyper-K atmospherics [133].
B. Solar neutrinos
The deficit of electron-neutrinos produced in nuclear
reactions in the Sun core, which were the first indication
of neutrino-flavor morphing, can be modified by the exis-
tence of a sterile component. Therefore, we briefly review
matter effects in the Sun, and then consider sterile neu-
trino effects; see Ref. [134] for a review of solar neutrino
physics.
The flavor conversion in the Sun can only be correctly
interpreted if matter effects are properly included be-
cause the Solar matter potential is very large. One can
write the neutrino propagation Hamiltonian as
H = Hstd +Hmatter, (61)
where, in the case of three-active neutrinos, Hmatter only
depends onGF and the electron number density, Ne. The
average electron neutrino survival probability is given, in
the two-level system, by
P¯ee =
1
2
+
(
1
2
− Pc
)
cos 2θ0 cos 2θm, (62)
where cos 2θ0 and cos 2θm are the vacuum and matter
mixing angles. The term Pc is known as the crossing
probability and is given in terms of the adiabaticity pa-
rameter, γ, which is related to the change in matter den-
sity by
γ =
∆m2 sin2 2ϑ
2E cos 2ϑ |d lnNe/dx|R
, (63)
where |d lnNe/dx|R is related to the radial change of elec-
tron number density. This expression provides excellent
agreement with exact calculation of neutrino oscillation
in matter obtained by solving the neutrino propagation
equation [135–137].
The Solar neutrino data, when fit alone, is well-
described by the adiabatic conversion, known as MSW
effect, with neutrino oscillation parameters given by
∆m221 = 4.7 × 10−5 eV2 and sin2 θ21 = 0.31, and any
model introducing modifications from additional mostly-
sterile neutrinos must accommodate this agreement. Let
us consider modifications within three regimes of interest
for mass splittings when a fourth state is introduced:
• Extremely-small mass splittings, ∆m241 .
10−9eV2  ∆m221, do not distort the solar
matter potential, but introduces oscillations
lengths comparable to the Sun-Earth distance. In
fact, this scale of mass splitting was known as the
“Just-so” solution to the solar neutrino problem,
but it is now ruled out as an explanation to solar
neutrino flavor morphing.
• Smaller, but comparable, ∆m241 mass-squared
splittings to ∆m221 are motivated by the absence
of the upturn in the Solar neutrino data. Ad-
ditional sterile neutrino mass states with mass-
squared differences of 0.2∆m221 and mixings of or-
der sin2 2θ ∼ 10−3 have been shown to alleviate the
tension between solar data and KamLAND [134].
Due to the lack of next generation Solar neutrino
experiments this tension will remain unsolved for
the next years, but DUNE [138] could address this
in the next decade.
• Larger mass-squared differences, ∆m241  ∆m221,
as motivated by the short-baseline anomalies de-
scribed in this review, affect the oscillation prob-
ability by modifying the high-energy part of the
electron neutrino survival probability and causing
an overall disappearance of the all-flavor neutrino
flux. Of these effects, the strongest comes from the
precise measurement of the all-flavor Solar neutrino
flux by SNO yielding a limit of |Ue3|2 + |Ue4|2 <
0.077 at 95% C.L. [139, 140].
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Lastly, the reader should note that we have not consid-
ered a “2+2” model in this review. These models, where
the largest gap is in-between pairs of mass states, are
significantly disfavored by the solar neutrino data [141].
C. Astrophysics observables
The presence of sterile neutrinos can also affect the ex-
pectations of neutrinos from cosmic beam dumps, which
are called “astrophysical neutrinos.” These may be galac-
tic or extra-galactic in origin. At energies above 10 TeV,
the IceCube neutrino observatory has observed a com-
ponent of astrophysical neutrinos that is most likely of
extra-galactic origin. In fact, the galactic component is
constrained to be ∼ 10% of the observed astrophysical
flux [142].
The large travel-distance and high energies of astro-
physical neutrinos causes the neutrino oscillation phase
to be very large. This fact, added to the unknown prop-
agation baseline and finite energy resolution, O(10%) of
the deposited energy in a detector like IceCube, implies
that the flavor transition probabilities have lost all sen-
sitivity to ∆m2 and are given by:
Pαβ =
n∑
i=1
|Uαi|2|Uβi|2, (64)
where α is the initial flavor, β is the final flavor, n the
number of neutrino species, and U is the extended PMNS
matrix. Refs [143] and [144] show that, for astrophysical
neutrinos produced via pion decay, the effects of sterile
neutrinos are small on the astrophysical neutrino flavor
ratio. This is due to the fact that the transition prob-
ability involving the mostly-sterile mass states comes in
like |Uα4|2|Uβ4|2 where |Uα4| ∼ O(0.1).
However, as noted in [143] a significant change of the
astrophysical flavor ratio can be obtained if the initial
neutrino state has a dominant sterile neutrino flavor.
This can be realized by a mechanism like dark matter de-
cays onto sterile neutrinos via a beyond Standard Model
force. In this case, the expected flavor ratio at Earth can
be found in regions with large astrophysical tau neutrino
fraction, which is forbidden by unitarity of the neutrino
evolution given that conventional astrophysical neutrino
production mechanisms yield only muon and electron
neutrinos at the source [145, 146]. Current uncertain-
ties in the astrophysical flavor composition measured by
IceCube cannot yet distinguish this scenario from the
standard three-neutrino picture.
If there were a high-energy ν4 flux impacting Earth,
it was recently pointed out in [147] that this provides
an explanation of the anomalous ANITA events. The
ANITA collaboration has recently reported the obser-
vation of very-high-energy neutrino candidates. These
anomalous events are such that the probability that a
neutrino traverses the amount of matter corresponding
to their emergence angle is at the level of 10−9 [148, 149].
One possible explanation of these events is that they are
due to an incoming ν4, whose interaction length is longer
than a mostly active neutrino mass state.
D. Cosmological constraints
Two important quantities are use to synthesize the
compatibility of an additional neutrino state with cos-
mology. These are the number of relativistic neutrino
species, Neff , and the sum of the neutrino masses, Σmv.
These two parameters, among other cosmological param-
eters, can be measured by means of three observables: the
cosmic microwave background (CMB), the abundance of
light elements from Big Bang Nucleosynthesis (BBN),
and the large-scale structures (LSS) in the Universe. All
three are used to constrain Neff , while the LSS and CMB
measurements constrain the sum of neutrino masses. Re-
cent Planck results constrain the sum of neutrino masses
to Σmv . 0.1 eV [150]. The preferred value of Neff is
consistent with the three-neutrino framework. However
this quantity is correlated with the value of the Hub-
ble parameter, H0, and can be as large as 3.5 at 95%
C.L. for the larger values of H0 given by CMB measure-
ments [151]. It is important to note that these values of
H0 are in tension with local measurements, which prefer
a larger value of H0 [152].
Taking these results at face value, there is severe ten-
sion between cosmology and a sterile neutrino of masses
of O(1) eV and mixings of O(0.1), which are the pre-
ferred parameters obtained in this review. This situ-
ation is more complex in the 3+2 scenario [153, 154].
This is due to the fact that sterile neutrinos of this mix-
ing and mass are assumed to be in thermal equilibrium
with the active neutrinos prior to neutrino decoupling at
T ∼ 1 MeV [155], which implies that they should modify
the observed value of Neff and Σmv. This tension can
be evaded if equilibrium is avoided.
BBN constraints on sterile neutrinos are dominated by
measurements of the abundance of primordial helium-
4, Y
4He
p . Current measurements are obtained by lin-
early extrapolating the helium mass-fraction measure-
ments of dwarf galaxies, yielding a value of Y
4He
p =
0.2579+0.0033−0.0088 [156]. This primordial mass-fraction is re-
lated to the equilibrium neutron-proton ratio, which is
given by [157]:
(n/p)eq = exp(−(mn −mp)/T ), (65)
where mn and mp are the neutron and proton masses
respectively. Sterile neutrinos would contribute addi-
tional radiation energy density, which would then lead
to a higher freeze-out temperature at BBN. This implies
a larger number of neutrons, and thus an increased value
of Y
4He
p . This leads to a 95% credible upper limit on the
number of sterile neutrinos, Ns, of 1.26 [158]. However,
this limit depends upon the known value of the neutron
lifetime, which has two conflicting values obtained from
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beam and bottle experiments [159]. Using the upper val-
ues of the neutron lifetime [160], the constraint is slightly
strengthened to 1.14 [158].
With this said, as argued in [158], the existence of a
non-zero chemical potential that is common to the neutri-
nos [161] can significantly weaken the upper limits. This
is due to the fact that such chemical potential, µ modifies
the equilibrium neutron-to-proton ratio as
(n/p)eq = exp(−(mn −mp)/T − µ). (66)
Thus, a positive value of µ will reduce the number of
available neutrons at freeze-out, cancelling the effect pro-
duced by the additional neutrino states on this quantity.
Allowing for chemical potentials of O(0.1) results in an
upper bound of Ns < 2.56 at 95% credible level [158].
The tension between cosmological observables, such as
CMB and LSS, and eV-scale neutrinos can be reduced by
invoking either non-standard cosmological scenarios [158,
162] or introducing new neutrino forces [163, 164]. The
latter solution, known as “secret forces,” has been re-
cently reviewed in Refs. [165, 166]. These secret forces
suppress the production of sterile neutrinos in the early
Universe prior to neutrino decoupling, but yield O(0.1)
mixing angles at current times. The suppression of the
mixing angle before neutrino decoupling avoids the ther-
malization of the sterile neutrino state and thus avoids
the Neff constraints. However, this mechanism implies
that, at larger times, sterile neutrinos are in thermal equi-
librium with the active neutrinos, as the mixings must
return to be O(0.1), and are efficiently produced via the
Dodelson-Widrow mechanism [166]. Even if this recou-
pling is significantly delayed, thereby avoiding the con-
straints from Neff , the equilibrium between active and
sterile content in later times would be in tension with
measurements of Σmv via LSS [167]. This is due to
the fact that, after neutrinos decouple, the sterile neu-
trino component affects LSS by changing the rate of
free-streaming. As noted in [166] this problem can be
avoided if the mostly-sterile neutrino mass state experi-
ences prompt invisible decay. This observation further
motivates our study of the 3+1 model with decay dis-
cussed in Sec. VI C.
The effects that secret forces introduce in order to ex-
plain cosmological data must evade the present measure-
ments in other experiments in order to provide an ad-
equate explanation. The effects of these forces in ter-
restrial experiments has been studied in Ref. [128, 168];
and the effects of high-energy astrophysical neutrinos is
reviewed in Ref. [169]. Overall, while an interesting ap-
proach, secret forces do not appear to be a complete so-
lution to the problem.
In summary, cosmological models are in tension with
the vacuum-oscillation-based sterile neutrino results.
This is leading to fruitful investigations of less simplis-
tic cosmological models. While the perfect solution has
not been identified yet, there is progress. Should the
questions surrounding the Earth-based measurements be
resolved by determining the existence of more neutrino
states, the path to adapting this into workable cosmo-
logical models does not seem to be impossible to find.
In particular, studies of cosmology point to a more com-
plex sterile neutrino scenario such as additional forces or
decay.
IX. THE IMMEDIATE FUTURE FOR
SHORT-BASELINE RESULTS
Returning to our focus on sterile neutrino searches at
man-made sources, we emphasize that this is an excit-
ing and fast-growing field. Within the next two years, a
number of the experiments already included in the global
fits will provide important updates. In this section, we
review experiments that will provide additional results
within the next two years, beyond the experiments al-
ready included.
A. νe Disappearance: Reactor Experiments
The immediate future of νe disappearance studies lies
with reactor experiments. There are three very inter-
esting new experiments that will produce new data sets
for our global fits in the very near future: STEREO,
Neutrino-4, and SoLid.
As discussed in Sec. VII B, we have not yet included
results from the STEREO experiment, which runs at the
ILL facility in France using their research reactor with a
flux from the 235U fission chain. This experiment uses a
relatively long, segmented detector filled with Gd-doped
liquid scintillator. Running at a research reactor is ad-
vantageous compared to DANSS, which runs at a power
reactor, because the reactor core is a factor of three
smaller in diameter and uses highly enriched (93%) 235U
fuel. The detector dimensions are 2.233 m × 0.889 m
× 1.230 m divided into six cells arranged radially from
the reactor core, with the detector center at 10.3m from
the core center. For their first results, the experiment
forms ratios of the event rates in cells 2 to 6 to the rate
in the first cell [170]. This is less advantageous than a
movable detector like DANSS, because it requires careful
cell-to-cell calibration, but STEREO is equipped with a
sophisticated calibration system to address this concern.
STEREO has published null results for an initial 66 days
of running [170]. Recently, STEREO has shown results
at conferences for 185 days [? ] where they have used a
new shape only fitting technique with floating normaliza-
tion parameters for each energy bin and, when published,
we will include this data in our fits.
We have also not yet included results from the
Neutrino-4 experiment [171] in our global fits. This is
another experiment that has reported data but has not
made a data release. This is a Gd-doped segmented liq-
uid scintillator detector that has a 1.4 m3 fiducial volume.
It is unique in that it sits very close to the reactor with
L = 6 m upstream, and L = 12 m downstream. Thus,
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this will be an interesting experiment to include in our 5
MeV excess analysis in the future. This experiment is al-
ready reporting a 2.9σ oscillation signal at ∆m2 = 7.34
eV2 and sin2 2θee ' 0.39. This is surprising since this
large mixing angle is already excluded by other reactor
experiments.
The SoLid experiment [172] is running at the SCK-
CEN BR2 research reactor in Belgium. The detector
consists of solid scintillator 5 × 5 × 5 cm3 cubes with
66LiF:ZnS(Ag) on two faces of each cube. The set of
cubes, with an active mass of 1.6 t, are arranged to
cover baselines from 6 to 9 m from the compact reac-
tor core. The detector takes advantage of the positron
and neutron position correlation using this highly seg-
mented set of 12,800 detection cells, which can detect
and localize both the neutron and electromagnetic sig-
nals. The cubes are read out using a 2D grid of 3,200
wavelength shifting fibres coupled to Silicon Photomulti-
pliers. The need to operate the detector on the surface
near a reactor, combined with the vast number of detec-
tor channels, introduces challenges during data taking,
which are being addressed by sophisticated online data
reduction techniques that optimize the sensitivity of the
experiment whilst achieving a manageable output data-
rate. The experiment is currently taking data in physics
mode with the 1.6 ton Phase I detector and expects first
physics results in 2019.
B. νµ → νe: The SBN Program at Fermilab
The ongoing Short Baseline Neutrino (SBN) Program
at Fermi National Accelerator Laboratory is dedicated to
addressing the question of short baseline νµ → νe appear-
ance and νµ → νµ disappearance signals. The program
has already begun and will extend into the early 2020’s.
1. MicroBooNE
The MicroBooNE experiment, now running upstream
of MiniBooNE at Fermilab, was conceived to determine
if the MiniBooNE LEE signal is due to νe interactions
giving an outgoing electron. A leading Standard Model
hypothesis for the MiniBooNE LEE anomaly, discussed
in Sec. IV E, is that the signal could be due, in fact, to an
unidentified source of photons (γ → e+e−) coming, for
example, from a higher pi0 production or a larger branch-
ing ratio for the radiative decays of the ∆ baryon. The
γ → e+e− signature differs from the νe CCQE signal in
that there is no proton at the vertex, and a e+e− pair is
produced rather than a single e−, which leave indistin-
guishable signals in a Cherenkov detector.
Unlike MiniBooNE, which is a Cherenkov detector, the
MicroBooNE detector is a Liquid Argon Time Projec-
tion Chamber (LArTPC). This has two advantages over
a Cherenkov detector in isolating νe CCQE events from γ
backgrounds: 1) in a LArTPC, protons above ∼ 25 MeV
FIG. 32: Simulated 1e1p and 1µ1p events from
MicroBooNE. Plots show wire number versus drift time
for three wire views, U , V and Y . The color indicates
the deposited charge measured in ADC count, with a
threshold of 10 ADC counts applied.
kinetic energy are reconstructed, while in a Cherenkov
detector, all protons below 350 MeV are invisible; 2) in
a LArTPC, γ conversion to an e+e− pair can be distin-
guished from a single e− in about 85% of the events [173],
while in a Cherenkov detector, γ conversion to e+e− can-
not be distinguished from a single e−.
The MicroBooNE detector is installed at 470 m from
Fermilab’s BNB beamline target and 90 m upstream of
the MiniBooNE detector. The detector has a total vol-
ume of 170 tons of liquid argon, with an active region of
2.3× 2.5× 10 m3. The fiducial volume is about 90 tons.
The system comprises two major subdetectors: a time
projection chamber (TPC) for tracking, and a light col-
lection system. The TPC drifts ionized electrons using a
field of 273 V/cm to three wire planes that provide the
charge read-out. The wire spacing is 3.3 mm, and the
shaping time is 2 µs, resulting in highly detailed event
information that can be exploited in the analysis.
The key to the MicroBooNE LEE analysis is to uti-
lize events with one electron and one proton meeting at
the vertex (“1e1p”), as shown in Fig. 32. Requiring this
distinct topology greatly reduces backgrounds. In prin-
ciple, one can develop an analysis that reduces all νµ
backgrounds, like pi0 or single photon production, to a
negligible level, leaving only the intrinsic νe background,
which is separated in energy from the LEE signature.
To constrain systematic errors, MicroBooNE will simul-
taneously fit to the νµ interaction counterpart, 1µ1p, as
described in Sec. IV E. The two track-signal allows ac-
curate neutrino energy reconstruction, which is essential
for differentiating the anomalous signal from the intrinsic
electron neutrino background. Analyses that use signa-
tures beyond one-lepton-one proton are also under con-
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sideration.
The very high resolution of the LArTPC lends itself to
treating the two dimensional plots of wire number versus
drift time, such as those shown in Fig. 32 as images. Each
cell of the two-dimensional histogram can be thought of
as a pixel, where the color is related to the charge, as
measured in ADC counts. This treatment of the data
allows MicroBooNE to make use of powerful tools de-
veloped for image recognition now routinely used by the
artificial intelligence community. MicroBooNE has been
a leader in this area within the neutrino community with
a number of published articles [174–176] as important ex-
amples. These techniques can be expected to form the
key to the most sensitive LEE analyses from the experi-
ment.
It should be noted that some or all of the MiniBooNE
signal may not be due to νe events. MicroBooNE also has
capability to search for beyond Standard Model sources
of photons that might produce an LEE-like signal. How-
ever, these are not sterile-neutrino related and, so, are
beyond the scope of this review.
The MicroBooNE search has the potential to be highly
impactful. Should MicroBooNE exclude a LEE electron
signal scaled from the measured MiniBooNE rate, no ex-
isting sterile neutrino model can accommodate the Mini-
BooNE LEE signal as oscillations because of the proxim-
ity of the two detectors on the same beamline.
2. MicroBooNE, ICARUS, and SBND: The Full SBN
Program
The step beyond MicroBooNE is the multi-LAr-
detector configuration called the Short Baseline Neutrino
(SBN) program [177]. Ideally, in a multi-detector set-
up, one uses two identical detectors that sample iden-
tical beams. Because of the proximity of near-detector
sites to the beamline, it is simply not possible for the
near detector to sample an identical beam flux. And
for various practical reasons, it was not possible to build
the near detector, SBND, in an identical form to Micro-
BooNE. However, the proposed SBN program makes up
for the systematic uncertainty detector differences might
introduce by adding a second far detector, ICARUS. This
three detector combination greatly reduces sensitivity to
detector differences.
ICARUS will begin running along with MicroBooNE
in 2019. It is located at 600 m from the BNB target. The
detector consists of 500 t of active volume of LAr, which
is 5.5 times larger than MicroBooNE. Initially, ICARUS
can perform a stand-alone LEE search using the same
methods as MicroBooNE. The two experiments can also
perform a joint search, since the 130 m separation be-
tween the two will constrain the possible ranges for os-
cillations. The two experiments can also perform a νµ
disappearance search.
SBND will join MicroBooNE and ICARUS in 2021,
rounding out the triad. This detector is located at 110
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FIG. 33: Red line: SBN sensitivity[177] at 3σ for
νµ → νe appearance with a 6.6E20 POT data run. Blue
area: Global fit 99% C.L. allowed region from Fig. 17.
m from the production target. Because it is so close, it
can be considerably smaller, with a 112 t active volume,
and still have > 6 times the event rate of ICARUS. The
purpose of SBND is to measure the flux prior to potential
oscillation. The SBND design also serves as a prototype
for the DUNE detector.
The use of these detectors for νµ → νe appearance
is an interesting test case for the DUNE search algo-
rithms. They will provide accurate cross comparison of
LEE results in two different ways. First, one can use
the proposed method for DUNE of a near-far detector
analysis. Second, one can compare this to the method of
constraining the νe with the νµ. The results should be in
agreement. If they are, then this represent a clear cross
check of the MiniBooNE method and raises the possibil-
ity of DUNE, and even on-going long baseline νµ → νe
appearance searches, of using this constraint method.
The combination of the three SBN detectors will have
improved sensitivity to νµ → νe appearance and also
νµ disappearance. This is especially true for νµ disap-
pearance searches where the systematic uncertainties in
the neutrino flux dominates. The neutrino flux uncer-
tainty can be significantly reduced by using the SBND
near detector to measure the flux at short L-values be-
fore oscillation effects occur and propagate it to the far
detector flux using simulations. Fig. 33 and Fig. 34 show
the expected sensitivity of the SBN program for a 6.6E20
POT data run for νµ → νe appearance and νµ disappear-
ance oscillation respectively, as compared to our global
fit allowed region.
45
0.01
0.1
1
10
100
0.01 0.1 1
D
m
2
(e
V2
)
sin22qμμ
FIG. 34: Black line: IceCube current limit at 90% C.L.
for νµ disappearance. Red line: SBN sensitivity[177] at
3σ for νµ disappearance with a 6.6e20 POT data run.
Blue area: Global fit 99% C.L. allowed region from
Fig. 17.
C. νµ Disappearance: IceCube
The IceCube neutrino observatory is a one gigaton
Cherenkov detector that consists of 5160 digital opti-
cal modules (DOMs) [178] light detectors arranged on
86 strings, located 1450 m below the top of the Antarctic
ice. Most of the detector has sparse string spacing (17
m between DOMs and ∼125 m between strings), with an
energy threshold of ∼ 100 GeV. An 8-string region (7 m
between DOMs, ∼ 50 m between strings) with a ∼ 10
GeV threshold, called DeepCore, has also been installed.
The IceCube plan exploits the detector’s one-of-a-
kind capability to observe a resonance signature from
sterile-induced matter-effects in upward-going antineu-
trinos. The resonance is mass-hierarchy-dependent and
most models favor its appearance in the antineutrino
flux. The signal is resonant depletion of up-going ν¯µ
propagating through the Earth, producing a deficit at
a specific energy and zenith angle. Because the deficit is
well-localized and large compared to vacuum oscillations,
IceCube has deep reach in sin2 2θµµ.
No signal for ν¯µ disappearance was observed in one
year of analyzed data. The limit assumed |Uτ4|2 = 0 to
permit cross comparison to the SBL results. The cur-
rent IceCube limit[124] for νµ disappearance is shown in
Fig. 34 where it is compared to the global fit allowed re-
gion from Fig. 17. IceCube has collected about 13 times
the data set used for this previous publication and plans
to publish new results soon.
X. THE NEXT GENERATION: WHAT WILL
RESOLVE THE STERILE NEUTRINO PICTURE?
The past approach for addressing sterile neutrino
anomalies has been to develop new experiments that are
“good enough” under the best of conditions to provide
some new information. This strategy will likely continue
to result in leaving the field in a confusing situation since
most of the new experiments cannot provide decisive,
highly significant results. As a comparison, the sterile
neutrino situation now is similar to the three-neutrino
oscillation results available in the late 1980’s and mid-
1990’s. The key at that time to resolving the question of
the resilient, but confusing, anomalies was for the com-
munity to invest in definitive experiments–Super K and
SNO. In the case of SNO, an entirely new approach was
applied to the problem. We are going to need to approach
today’s resilient, but confusing, sterile anomalies with a
similar strategy. We need truly decisive and definitive
experiments–ones that cover the anomalies at 5σ with
conservative assumptions–designed to address the spe-
cific questions that are arising from the anomalies. Em-
ploying new strategies and techniques, as happened with
SNO, is also important. We see single-particle decay-
at-rest (DAR) sources as a bold new approach. These
sources can be produced with high fluxes by decays of
a single isotope, such as 8Li; specific mesons, i.e. pions
and kaons; and muons. The advantages of decay-at-rest
sources are that the flavor content and energy distribu-
tion are defined by nature and, in all of these cases, quite
well understood.
Resolving the anomalies with these purpose-built ex-
periments is, in fact, an excellent investment for our field.
These experiments are at a much lower cost scale than
Super-K or SNO. While some technological advances
are needed, these experiments represent smaller steps
than that which were required for the success of SNO.
And, like Super-K and SNO, these experiments provide
much needed, new infrastructure to the field, that can
do physics beyond the program of addressing the sterile
neutrino anomalies.
A. νe Disappearance: IsoDAR
IsoDAR offers >5σ coverage of the ν¯e disappearance
results. The experiment will use a novel, high-intensity,
single-isotope ν¯e source, paired with a ∼ 1 kt scintilla-
tor detector. Pairing this source with KamLAND allows
for 5σ coverage in 5 years with conservative assumptions.
Another alternative is a special purpose, segmented neu-
trino detector such as the CHANDLER design [179], that
can deliver similar capability but with less mass because
it can be optimally arranged in a vee shape near to the
source. In either case, IsoDAR’s strength comes from
high-precision reconstruction of the L/E dependence of
the neutrino disappearance “oscillation wave.” Fig. 35 il-
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FIG. 35: IsoDAR@KamLAND L/E dependence, 5
years of running, for 3+1 (top) and 3+2 (middle) sterile
neutrinos, and 3+1+Decay (bottom). Solid curve shows
no smearing in the reconstructed position and energy
and no decay for the bottom plot. Data points with
error bars include smearing.
lustrates the ability to distinguish potential signals that
may describe the anomalies.
IsoDAR is unique in providing a single-isotope flux
with endpoint of ∼13 MeV. To produce this, a high-
intensity H+2 ion source feeds a 60 MeV/amu cyclotron
via an RFQ [180]. The extracted beam is transported
to a novel 9Be target with boiling-water cooling [181]
where the full intensity of beam is used to produce many
neutrons. The neutrons enter a ≥99.99% isotopically
pure 7Li sleeve, where capture results in 8Li. The 8Li
undergoes β decay, producing an isotropic, pure ν¯e flux
[181]. Pairing this very high-intensity ν¯e source with a
hydrogen-based detector allows for the inverse beta decay
and ν¯e-e
− elastic scattering.
The IsoDAR design requires new technology, and more
than five years have been invested in proving this neu-
trino source can be feasibly constructed. IsoDAR is an
accelerator-driven source that makes use of a cyclotron
that is an order of magnitude higher in intensity than
on-market proton accelerators used for medical isotope
production purposes. The most significant challenge to
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FIG. 36: Black line: IsoDAR@KamLAND νe
disappearance sensitivity at 5σ for a 5yr run. Blue area:
Global fit 99% C.L. allowed region from Fig. 17.
raising the intensity is accelerating the current without
unacceptable beam losses. These mostly arise due to the
coulomb repulsion of the accelerated ions, which increases
the size of the beam bunches. To solve the problems that
arise from this, a number of novel approaches have been
introduced, including accelerating H+2 rather than pro-
tons; highly efficient bunching via an RFQ; and harness-
ing the space charge effects to induce vortex motion. A
review of the accelerator system for IsoDAR is described
in Ref. [180].
IsoDAR@KamLAND covers the allowed region with
5σ sensitivity in 5 years (Fig. 36, black) with a higher-
energy, better-controlled ν¯e source than that of reactors.
In particular, the single isotope spectrum of 8Li is well
predicted. The L/E dependence (Fig. 35) allows models
to be clearly differentiated. Discriminating power is a
trade-off between excellent resolution on L/E and high
statistics. Thus, surprisingly, the 1 kt KamLAND scintil-
lator detector and the 25 kt Super-K Cherenkov detector
have very similar sensitivity. KamLAND sensitivity is
extended if the proposed upgrade to the light collection,
leading to energy resolution of 3%/
√
E, is introduced.
IsoDAR’s ability to reconstruct the L/E dependence of
the oscillation wave extends to sin2 2θee ∼ 0.01 at Kam-
LAND. Thus IsoDAR decisively addresses the anomalies.
B. νµ → νe: A Next-generation JSNS2 is Needed
The LSND result has been so resilient against techni-
cal criticisms because it is very hard to go wrong when
pairing a high flux pi/µ DAR source with a detector that
relies on IBD events. The field desperately needs a high-
statistics follow-up to LSND with this design, with a few
features that would further improve the result. The first
is for the experiment to be located at > 90◦ from the
direction of the incoming proton beam, removing any po-
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tential decay-in-flight component. The second is to run
at a very high intensity beam dump that delivers the pro-
tons in few nanosecond pulses, rather than the relatively
long spill used at LANSCE, where LSND took data. The
result is that, through beam timing, one can separate the
νµ from pion decay and any decay-in-flight, which rep-
resent relatively prompt flux, from the ν¯µ and νe from
muon decay, which is relatively delayed. The third is to
use oil that contains Gd, which reduces the time delay
between the prompt light and the neutron capture, thus
reducing accidental coincidences. The fourth is to build
the detector with an enhanced veto and a γ-catcher re-
gion. Ability to move the detector would also be very
valuable.
Two such experiments have been proposed: OscSNS
[182] at the Spalation Neutron Source (SNS) in the US
and JSNS2 [183] at the Materials and Life Science Exper-
imental Facility (MLF) in Japan. The primary purpose
of both facilities is to produce neutrons, but pi/µ DAR
also occurs. The JSNS2 experiment is approved to run,
but the 17 t detector is too small to cover the LSND range
at 5σ. This experiment will begin to take data in 2020.
The OscSNS detector was proposed to be 1 kton, which
would have provided more than adequate coverage, but
this experiment was not approved.
We advocate for an upgraded JSNS2 experiment to
at least 100 t. An important point is that all of the
technology for this experiment exists. This detector is
not a technical stretch. The beam source exists and is
being run with funding from the spallation neutron ex-
periments. Such an experiment could easily be mounted
within a few years. This experiment should be done since
it would be a key and definitive high statistics test of the
LSND result.
C. νµ Disappearance: KPipe and CCM
An important difference between the SNS and MLF
is that the former uses 1 GeV protons on target while
the latter employs 3 GeV protons on target. As a result,
kaon decay-at-rest (KDAR) is produced at MLF. As dis-
cussed in Sec. IV B 2, this provides a monoenergetic flux
of νµ at 236 MeV, which is above the threshold of CCQE
interactions.
The premise of KPipe [184] is to make use of the KDAR
flux at MLF. The detector vessel is proposed to be 3 m
in diameter and 120 m long, extending radially at a dis-
tance of 32 m to 152 m from the MLF beam dump. This
is filled with liquid scintillator and instrumented with
hoops of silicon photomultipliers (SiPMs). The signal is
a coincidence between the light from the initial CCQE in-
teraction and the light produced by the Michel electron
from the decay of the muon exiting the interaction which
stops after traveling a very short distance in the scintil-
lator oil. This coincidence greatly reduces background.
This is a very robust search for sterile neutrino oscilla-
tion and decay because it relies only on the measured
rate of detected events as a function of distance, with no
required knowledge of the neutrino interaction cross sec-
tion or the initial isotropic neutrino flux, which falls as
(1/distance)2. The liquid scintillator does not require Gd
or Li doping, since the second signal of the coincidence is
not from a neutron, greatly reducing cost. There is only
very modest technological development required for this
experiment.
An alternative approach that does require substantial
technological development will use the 29 MeV monoen-
ergetic νµ from pion decay in a disappearance experiment
based on coherent neutrino scattering, which is only sen-
sitive to active neutrino scattering. This is the premise
behind the Coherent Captain Mills (CCM) [185] exper-
iment, which is a liquid-argon-based detector running at
the LUJAN spallation neutron facility at Los Alamos.
The LUJAN facility has a high instantaneous power and
a low duty factor, which should have good background
rejection. The detector is a 7 t fiducial volume LAr de-
tector with photomultiplier readout giving good energy
and timing resolution plus an energy detection threshold
of 10-20 keV, appropriate for detecting coherent neutrino
scattering. The experiment expects to detect about 2700
(680) prompt mono-energetic 29 MeV νµ coherent elas-
tic scattering events per year with the detector located
at 20 m (40 m) from the source. Background mitigation
is crucial using beam and detector timing along with in-
strumented vetoes and shielding. With this experimental
setup, the CCM experiment estimates a sensitivity at the
90% C.L. level for νµ disappearance that will cover the
global fit region shown in Fig. 17. CCM is expected to
start data taking in the summer of 2020 with commis-
sioning runs before that.
XI. CONCLUSIONS
In conclusion, this paper has provided a snapshot of
where we are at in exploring the question of the existence
of light sterile neutrinos, especially through accelerator
and reactor experiments. The picture is far from clear.
Anomalies have been observed in a set of short-baseline
experiments. Introducing an additional, mostly sterile
mass state to explain this provides an improvement of
> 5σ, which is highly improbable as an accidental im-
provement. We find that adding additional sterile neutri-
nos to the model yields only a modest 1.6σ improvement
over the 3+1 model. On the other hand, introducing de-
cay of the fourth mass state, which can reduce tension
with cosmological measurements, leads to a larger 2.6σ
improvement with respect to a 3+1 model. We note that
the decay model tested only has decays to new invisible
particles, and that decays from the fourth state to active
neutrinos is likely to produce further improvement.
The data are clearly indicating that something is miss-
ing from the model, and that what is missing takes a form
similar to a model of 3+1+Decay. However, any model
that explains the results must be self-consistent. The
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consistency of the 3+1 and 3+1+Decay models can be
tested by dividing the data into appearance and disap-
pearance data sets. First, one observes that the global fit
allowed regions for appearance and disappearance do not
overlap at 95% CL in either model. Second, one can ap-
ply the PG test to quantify the disagreement. One finds
that the tension within 3+1 is at the 4.5σ level. The
disagreement is improved in a 3+1+Decay model, but is
still at the ∼ 3σ level.
We have discussed the value of considering Bayesian
credible regions as well as frequentist allowed regions. We
show that for our 3+1 fits, substantially more parameter
space is allowed in the high ∆m241 region in the Bayesean
study. The difference arises because Bayesian and fre-
quentist methods address different questions about the
data. Bayesian inference makes statements about prob-
ability of model parameters given the proposed model,
while frequentist methods make statements about the
probability of the data given the model. Thus, when
interpreting results of global fits, one must carefully con-
sider exactly what question one wants to ask.
With either fitting approach, we urge caution in inter-
preting global fit results for many reasons. For example,
some fraction of the tension may arise from problems
with handling the experimental data. We have shown
that, given the assumptions we must make in global fit-
ting, we end up with imprecise representations of the
published results. This could be mitigated with improved
data releases from experiments. We also note that we
are not thoroughly exploring all of the anomalous fea-
tures in these experiments that may be relevant. The
5 MeV excess in the reactor experiments, that seems to
be greatly reduced for experiments at distances less than
10 m, is an example where systematic flux uncertainties
may be interacting with the sterile neutrino oscillation
phenomenology. There are also inherent problems with
experiments with large systematic errors. We assume
that these errors are Gaussian, when most probably they
are not. Also, the nature of systematic uncertainty is to
quantify the unknown, which is extremely difficult for an
experiment to do accurately.
We are excited by the opportunity presented by new
experiments coming online soon. While these will re-
solve some of the issues, we urge the community to think
toward a program of high statistics, low systematic un-
certainty decay-at-rest experiments in the 5-year future
that we believe will finally be decisive.
The conclusion is that the picture is unclear, but is
very thought-provoking. We are in a situation similar
to where we were with three neutrino oscillations in the
early 1990’s. Anomalies are observed, but they do not fit
comfortably with observed limits. This could be due to
some combination of an incomplete model and unknown
systematic effects. As then, the results call for further
exploration. No matter what we find, the results will
move the field significantly forward, but if new physics is
the culprit, then this has the potential to revolutionize
particle physics.
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